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Abstract 
It is generally known that the precise control of molecular packing, crystal structure, film morphology 
and the electronic structure of organic semiconductors (OSCs) is the pre-condition for obtaining excellent 
charge-transport properties in organic electronics. However, the methods of controlling the structure of organic 
thin films have not been well established, and the fabrication of highly ordered thin films remains a challenge. 
In this thesis, we expect that OSCs with enhanced intermolecular interaction, such as picene, DNTT and 
sumanene, are more applicable for the realization of high-quality and controllable thin films. Therefore, the 
purpose of this thesis is to examine the fabrication of high-quality thin films of these three promising molecules 
by utilizing their stronger intermolecular interaction at highly ordered interfaces on noble metal surface, which 
is expected to construct reliable models for high-performance organic electronics. 
In the study on the fabrication of highly oriented multilayer films of picene and DNTT on their bulklilke 
monolayer, by means of slow deposition of the multilayer on the bulklike monolayer, large-scale crystalline 
islands having lengths of several hundred micrometers were obtained, especially in the case of picene. XRD 
measurement revealed that picene crystals consist of planes of (201) and (211), clearly suggesting that the film 
consists of the parallel molecules which may be stabilized by the peculiar structure of the monolayer. 
From the study of morphology and electronic structure of peculiar sumanene monolayers and fabrication 
of sumanene thin films, the highly-ordered bowl-stacking arrangement of sumanene molecules was first 
realized on Cu(111) surface in this work. The two kinds of peculiar sumanene monolayers which shows bowl-
stacking molecular arrangement on Cu(111) and bowl-up and bowl-down molecular arrangement on Ag(111) 
and Au(111), respectively, were characterized by UPS, XPS and ARPES. The superior electronic structure 
along the bowl-stacking direction of sumanene monolayer on Cu(111) was indicated. In addition, the superior 
growth of sumanene thin film with tilted molecular arrangement on Cu(111) was found, which may stabilized 
by the well-ordered monolayer with stronger intermolecular interaction along the bowl-stacking direction. 
In addition, by comparing the thin film morphology and the calculated force constant of intermolecular 
van der Waals force of picene, DNTT and sumanene, extremely long islands of picene thin film and larger 
force constant of intermolecular van der Waals force of picene strongly indicate that the strong intermolecular 
interaction is beneficial for the fabrication of high quality organic thin films. 
The manipulation of the film morphology by the regulation of intermolecular interaction at highly ordered 
interfaces on noble metal surface is expected to construct reliable models for high-performance organic 
electronics. 
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Chapter 1  
Introduction 
1.1 Research Background 
1.1.1 Organic Electronics 
Since the late 1990s and early 2000s, the research of organic semiconductors (OSCs), which has been 
extensively researched as nest-generation electronic devices, has gained enormous world-wide effort in related 
fields. The studies of OSCs has been dramatically improved the fabrication level of organic devices. 
Advantages of OSCs compared with typical inorganic semiconductors are low cost, light weight, simple 
preparation process, good environmental stability and large area flexible devices can be made, et.al.. The 
deposition of organic films on a wide variety of substrates has led to plastic solar cells, flexible displays and 
printable circuits1,2. The features that can be designed extremely small and lightweight and to meet the needs 
of human body, making the organic electronics become indispensable to the development of the field of 
electronic technology. However, the disadvantage of organic electronics is the relatively low charge transport 
ability than inorganic elections. Most of the OSCs have a carrier mobility, which is the most important figure 
of merit in field effect transistors of any kind, in the range of 10#$~10#&  cm2 V−1 s−13. To improve the 
application of OSCs, various OSCs has been studied to search for materials with higher carrier mobility. Such 
as the most popular OSCs, pentacene, was reported to be a good candidate for a p-type semiconductor that 
attracted great interest due to its high hole mobility. Pentacene-based organic devices with a mobility of 
approximately 1×1.0 cm2 V−1 s−1, which is comparable to or exceeding those of amorphous silicon, was 
reported in 1992. What’s more, the amorphous silicon with the carrier mobility of 0.5-1.0 cm2 V−1 s−1, which is 
most used in thin-film devices nowadays, requires a very complicated process at high temperature (360°) under 
plasma influence. Therefore, one of the goals in the field of OSCs is to seek materials that can replace 
amorphous silicon. Therefore, most of the current researches are focused on how to improve the charge carrier 
transport ability of organic electronics, which can make organic electronics widely applied in the commercial 
field. 
The charge transport mechanism of OSCs is as follows. Conjugated molecules of OSCs contain arrays of 
carbon p orbitals that overlap within the molecule to give rise to 𝜋 orbitals. The filled 𝜋 orbitals form the 
valence states, the empty 𝜋* antibonding orbitals form the conduction states. The 𝜋 orbitals are substantially 
delocalized over the molecule. In organic solids, the 𝜋 bonding and antibonding orbitals overlap to form the 
valence and conduction bands respectively and defined by the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LUMO). OSCs is well known to transport holes and electrons 
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via HOMO and LUMO of closely packed and highly conjugated aromatic molecules. However, the 
intermolecular interactions of OSCs are due to van der Waals force, which can be easily disrupted by disorder. 
Therefore, charge carrier transport of organic electronics depends on not only the electronic structure of the 
molecules, but also how the molecules are packed together, i.e. the thin film morphology. 
1.1.2 Organic Thin Film Growth 
In the field of organic electronics, it always optimizing the performance of devices by determining the 
structure-property relations between organic films and resulting electronic properties. In particular films 
composed of small organic molecules like acenes grow in a crystalline fashion. However, the charge transport 
ability of OSC thin films is generally worse than that of single crystal. According to recent reports, the 
molecular arrangement of thin films is influenced by the interaction between the molecules and the substrate4, 
and the electronic structure of thin films is significantly different from that of a single crystal. In another word, 
the charge transport ability of OSCs is affected by the molecular arrangement. Therefore, the precisely control 
of the structure of thin film at an atomic level, and the understanding of structural and electronic properties are 
crucial to improve their charge transport ability.  
 
 
 
Figure 1.1 (a)5Dendritic growth of pentacene; (b)6Nano-fiber structure of pentecene thin film. 
 
For the common growth feature of thin films of OSCs, the monolayer of these molecules on the flat 
substrates usually take a "flat-lying" or "face-on" conformation due to significant coupling between	  𝜋 orbital 
of molecules and the surface electronic states. Such as pentacene, the growth of thin film starts with monolayer 
with “face-on” adsorbed molecules. The flat initial layer serves as a wetting layer for additional growth upon 
further adsorption, which always shows the significant different molecular arrangement with the monolayer, 
i.e. the second layer does not usually follow the configuration of the monolayer and tend to "stand up". This 
mechanism usually leads to a dendritic growth of the multilayer with a complicated morphology and small 
domain sizes with lots of grain boundaries (as shown in Figure 1.1(a)), which can limit the charge transport 
ability of the thin film6. Besides, for their application in OFETs and OLEDs, some small organic molecules are 
also well known to form highly anisotropic crystal shapes which are always called nano-fibers or nano-needles 
as shown in Figure 1.1 (b)6–9. The well oriented chains of crystallites forming on a wetting layer are obey 
(a) (b)
 - 3 - 
Stranski-Krastanov growth modes. These films with big crystalline island with less grain boundaries are 
expected to be more promising to get high transport ability which can approach to the value of single crystal. 
However, only a limiting case of highly anisotropic needle-like nanofibers were generated. The formation of 
such kind of highly ordered thin film crucially depends on the molecular symmetry, organic crystal unit cell, 
molecular adsorption geometry, contact plane and molecular packing which are hardly controllable until now. 
1.1.3 Organic Molecules with Enhanced Intermolecular Interaction 
The application of prominent organic semiconductors, such as pentacene, for OFETs in 1992 is a great 
breakthrough for the application of OSCs, because it can realize a high field-effect mobility value of 
approximately 1 cm2 V−1 s−1. The hole mobility of pentacene single crystal was reported up to 35 cm2 V−1 s−110. 
Unfortunately, pentacene is very unstable in the air condition (Figure 1.2), which can reduce the hole mobility 
and conductivity11. Because the overlap of HOMO of pentacene molecules is reduced by the substituted 
oxygen atoms. Therefore, alternative OSCs with high hole mobility and stability should be found. Since the 
electronic properties of OSCs also strongly depend on their molecular structure, the synthetic chemistry based 
on this kind of molecules has attracted continuous attentions, and diverse organic molecules with enhanced 
intermolecular interaction have been widely synthesized and evaluated as organic semiconductors for OFET 
applications. In this work, we focused on three organic molecules with enhanced intermolecular interaction, 
picene, DNTT and sumanene. The details of molecular structure of these three molecules are introduced as 
follows.  
 
Figure 1.2 Diagram of oxygen substitution in pentacene molecule at air condition, which will dramatically 
reduce the hole mobility of pentacene. 
 
l   Picene 
Picene, an isomer of pentacene with linear backbone framework, has been known as a stable compound 
in which the benzene rings are fused in a zigzag phenacene structure as shown in the Figure 1.3. Picene has 
been attracted great interest because of not only the good hole mobility, which shows the value at about 0.6 
cm2 V−1 s−1, but the high air stability. The higher stability13, even against O2 13and H2O14 of picene than 
pentacene has been reported. That is because the characteristics of the frontier orbitals significantly depend on 
the edge structure of aromatic hydrocarbons. In the acene-edge structure, the frontier orbitals are localized at 
the edges, because the vertical cross-link bonding between two zigzag edges caused out-of phase atomic-
orbital combination that tend to disperse frontier spin-orbitals. Whereas in the phenancene-edge structure, the 
frontier orbitals are distributed evenly over the carbon structure, because the interaction between armchair 
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edges takes place through inner ca. 120° angle-oriented cross-linkage of in-phase character, resulting in spin-
orbitals that bear close proximity or even accidental degeneracy15,16. The difference of their molecular structure 
cause the low HOMO level and large ionization potential energy of picene over pentacene. On the other hand, 
picene have recently reported to show superconductivity by incorporating alkali-metal atoms in to solids picene 
(Figure 1.3(b)). Therefore, picene is a kind of very promising OSCs for the application in organic electronics17.  
   
Figure 1.3 (a) Differecne of electronic structure between picene and pentacene molecules; (b) Diagram of 
alkali-metal doped picene, which shows the superconductivity at 18 K. 
 
 
Figure 1.4 Diagram of CH-𝜋 interaction 
 
The reported crystalline structures of picene and pentacene both show the typical herringbone structure 
within the ab plane. This kind of herringbone packing is a pervasive structural motive found in most molecular 
crystals involving aromatic compounds. The herringbone arrangement is characterized by tilted edge-to-face 
C-H ∙∙∙ 𝜋  interactions as shown in Figure 1.4. It has reported that the C-H ∙∙∙ 𝜋  bonding show the major 
contribution to the lattice energy in linear polycyclic aromatic hydrocarbons18. The hole mobility of picene 
and pentacene single crystals are calculated to be highest in the ab plane19. The highest charge transfer integral 
in the pentacene crystal is along the herringbone arrangement. The highest hole mobility is observed along 𝜋 − 𝜋 stacking direction, i.e. the b* axis, for picene crystal, indicating a strong 𝜋 − 𝜋 overlap as compared 
E
 (e
V
)
Pentacene
Picene
IP=7.51.eV
IP=6.63.eV
K
(a) (b)
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with pentacene crystal. Therefore, it should be a good strategy to produce a high charge transport for picene 
crystal with the 𝜋 − 𝜋 stacking structure where the overlap of two adjacent monomers would be enhanced. 
Thus, the precisely control of molecular packing of picene molecules in thin films is very important. 
l   DNTT 
One molecular design strategy to improve its chemical stability is to replace the highly reactive central 
benzene ring with heterole rings of pentacene. DNTT is such a kind of air-stable OSCs, which can be regarded 
as the combination of acene and oligo/polythiophene. The structure of DNTT molecule is shown in Figure 
1.5(a). Since electronegative substituents open up the possibilities of modifying the crystal packing of 
pentacene by replacing the edge-to-face C-H∙∙∙ 𝜋 interactions with other intermolecular interactions that could 
enhance the overlap between molecular wave functions. Many substitution schemes have been investigated, 
such as heteroatom substitution. Oligo/polythiophenes was regarded as a key ingredient in the development of 
π-extended opto-electronic materials. Thienoacenes is a kind of molecules putting thiophene rings into the 
acene structures to result in ladder-type thiophene-containing π-conjugated molecules with high chemical 
stabilities. This new structure of the molecule causes the different geometry (distribution of electron density) 
of the HOMO as shown in Figure 1.5 (b). HOMOs of single molecules affect the ability of the intermolecular 
orbital overlap. It was shown that, the large electron densities on the sulfur atoms can serve as an effective 
overlap between the HOMOs of adjacent molecules in the solid state20, causing a high air-stable hole mobility 
of 8.3 cm2 V−1 s−1 of DNTT single crystal organic field effect transistor21. The highest hole mobility with a large 
transfer integral value in DNTT crystal shows also along the direction with herringbone-like intermolecular 
interaction22,23. 
 
Figure 1.5 (a)Structure of DNTT molecule. (b) HOMO structure of DNTT. 
 
l   Sumanene 
Sumanene is a bowl-shaped molecule, which can be regarded as a fragment of fullerene, consisting of 
three benzenes and three cyclopentadiene rings alternatively fused together forming a central six-membered 
ring (Figure 1.6(a))24.It is well known as the buckybowl or π-bowl together with corannulene as the smallest 
non-planar organic molecules. The curvature of the bowl-shaped molecule resulting from π-conjugation causes 
two distinct faces. Thus, the orbital structure and electron density of these two faces are different, inducing a 
large dipole moment of 1.939 D of sumanene in perpendicular axis25.  
(a) (b)
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Figure 1.6(a) Sumanene molecule. (b) Side view of sumanene single crystal. 
 
 
Figure 1.7 (a)High carrier mobility along bowl stacking direction in sumanene single crystal, which is 9.2 
times larger than that along perpendicular direction. (b)Large Seebeck coefficient of sumanene. (c) Thermal 
conductivity in sumanene single crystal. 
  
Unlike flat- π-conjugated compounds favors herringbone packing in a crystal, curved surfaces favor the 
bowl-bowl stacking compensate for the overlap. The most representative example is the crystal packing of 
sumanene with perpendicular ordered columnar packing, where each column faces the same direction26( as 
shown in Figure 1.6(b)). The minimum estimate of the intra-columnar electron mobility of sumanene single 
crystal along the bowl-stacking direction was calculated to be 0.75 cm2 V−1 s−127, which is comparable to a C60 
single crystal ( 0.5 cm2 V−1 s−1)28. A much smaller conductivity was exhibited along the perpendicular direction 
to the bowl-stacking axis in sumanene single crystal by TRMC (time-resolved microwave conductivity) 
method27 (as shown in Figure 1.5(a)). Recently, sumanene have been reported to exhibit thermoelectric 
properties. According to the dimensionless figure of merit, ZT=𝛼.𝜎 T/𝜅  (𝛼:  Seebeck coefficient, 𝜎: 
(a) (b)
parallel&to&c&axis
perpendicular& to&c&axis
(a)
(b)
(c)
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electrical conductivity, 𝜅:  thermal conductivity, T: temperature). A large 𝛼  and small 𝜅  alone bowl-
stacking direction of sumanene, as shown in Figure 1.5(b) and (c). Side-by-side intermolecular interaction of 
sumanene in the single crystal is proved to exhibits an excellent thermal conduction than those in the bowl-
stacking direction, which is in contrast to the electrical conduction29. Therefore, precisely control of molecular 
arrangement of sumanene molecules is important for the application in the field of organic electronics.  
1.2 Purpose of The Present Studies 
Since the crystalline morphology and molecular orientation of thin films have a great impact on their 
electronic properties, precisely controlled film structure is very important for the application in the field of 
organic electronics. As mentioned above, OSCs, such as picene, DNTT and sumanene, with enhanced 
intermolecular interactions, are expected to show superior electronic properties or thermal transport properties 
because of their special molecular structure, making them a promising candidate for industrial use. Therefore, 
the highly ordered thin film characterization with a molecular level control for these kinds of OSCs is very 
important for the development and production of devices. Therefore, the purpose of this work is to examine 
the fabrication of high-quality thin film of OSCs with enhanced intermolecular interactions. Based on this 
motivation, we utilized picene, DNTT and sumanene to illustrate the growth procedure from their initial 
monolayer to multilayer film at an atomic level. The highly defined systems of these three molecules in this 
work provided by the controlling of the molecular structures and interfaces allows the study of the basic 
physics and to find the important parameters necessary to improve organic devices. 
1.3 Organization of The Thesis 
   This thesis is organized as follows. 
    After this introduction, Chapter 2 give the principles of apparatus for the studies presented here. The 
principles of the morphology characterization method including Scanning Tunneling Microscopy (STM), 
Atomic force microscopy (AFM), Optical Microscopy (OM). The principle of X-ray diffraction (XRD) is then 
discussed. Finally, the principles of Photoemission Spectroscopy (PES) including Ultraviolet photoelectron 
spectroscopy (UPS), X-ray photoelectron spectroscopy (XPS) and Angle resolved photoemission spectroscopy 
(ARPES) are introduced. 
In the Chapter 3 we will describe the experimental systems used in this work. The home-made vacuum 
chamber equipped with STM system, Ar+ sputtering system and molecule evaporation system are introduced. 
In the Chapter 4, the results of the study of fabrication of highly oriented multilayer films of picene and 
DNTT on their bulklike monolayer is presented. We first fabricated and characterized the monolayer of picene 
and DNTT. Then, we fabricated well-defined crystalline films of picene and DNTT on their well-ordered 
monolayers with a bulklike molecular arrangement. We will emphasize that much better crystalline films have 
been realized using picenes in comparison with DNTT. The superior growth found in picene films may be 
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attributed to the stronger intermolecular force constant, as suggested from the analysis of the normal vibrational 
modes of the single- crystalline structure of these molecules. 
In the Chapter 5, the study on the morphology and electronic structure of peculiar sumanene monolayers 
and fabrication of sumanene thin films are presented. First, we have realized the bowl-stacking of sumanene 
monolayer on Cu(111). Then, we characterized the electronic structure of two kinds of peculiar sumanene 
monolayers which shows bowl-stacking molecular arrangement and bowl-up and bowl-down molecular 
arrangement, respectively, by UPS, XPS and ARPES. We also calculated the force constant of intermolecular 
van der Waals force of sumanene. Finally, the fabrication of superior sumanene thin films on Cu(111) 
suggested that the stronger intermolecular interaction along the bowl-stacking direction in monolayer can 
stabilize the further stacking molecules. 
In the Chapter 6, the conclusion of the entire thesis is presented. 
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Chapter 2  
Principles 
2.1 Scanning Tunneling Microscopy (STM) 
Since the scanning tunneling microscope (STM) was developed in the early 1980s by Gerd Binning and 
Heinrich Rohrer, who were awarded the Noble Prize in Physics in 1986 for this invention, it was widely used 
in the field of surface science. STM can investigate the structures and properties of surface in atomic resolution. 
With this resolution, individual atoms on the surface of materials can be routinely imaged and manipulated. 
The STM can be used not only in ultra-high vacuum condition but also in air, water, and gas ambient, and at 
wide temperature ranging. In this section, the theory and principle of STM operations are reviewed. 
2.1.1 Theory of The STM 
l   Bardeen’s theory 
STM is based on the concept of quantum tunneling30–33. It is operated by probing the tunneling current 
between the STM tip and sample when the STM tip is very close to the surface with applied potential difference 
between them. We considered two electrodes a and b, they have independent potentials with Hamiltonian Η3 
and Η4 (Figure 2.1). Electrons in these electrodes have wave function 𝜑3 and  𝜑4. Eigenstates of each 
Hamiltonian Η3	  𝜑3 = 𝐸3𝜑3 , Η4𝜑4 = 𝐸4𝜑4  (2.1) Η3	  𝜑4 = 0	  , 	  Η4	  𝜑3 = 0   (2.2) 
where Ea and Eb are intrinsic energy. 
The total Hamiltonian of the entire system is Η = Η3 + Η4 + Η:  (2.3) 
Where Η: is regarded as driving electron transitions from one side to the other. 
At the initial time t=0, the state 𝜑3 of an electron is  𝜓<=> = 𝜑3  (2.4) 
Then, after the time interval t, the wave function is 𝜓 𝑡 = 𝛼 𝑡 𝜑3 exp − CDE<ℏ + 𝛽(𝑡)𝜑4 exp − CDJ<ℏ   (2.5) 
Schrodinger’s time-dependent equation Η𝜓 = 𝑖ℏ LL< 𝜓  (2.6) 𝛽(𝑡) . is the probability to find electron in state b. Substituting (2.5) into the Schrodinger’s time-dependent 
equation 
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M(<) N	  < ≈ .Pℏ 𝑀43 .𝜌(𝐸4)𝛿(𝐸4 − 𝐸3) (2.7) 
where Mba called the matrix element for transition from state a to state b. 𝑀43 = 𝜑4∗ Η: 𝜑3𝑑𝜏  (2.8) 
According to Bardeen’s theory 𝑀43 = ℏN.W (𝜑4∗∇ 𝜑3 − 𝜑3∇𝜑4∗)𝑑𝑆 (2.9) 
and the tunneling current is given by 𝐼< = .P[ℏ 𝑓(𝐸4) 1 − 𝑓(4,3 𝐸3 + 𝑒𝑉)}𝛿 𝑀43 .(𝐸4 − 𝐸3) (2.10) 
where𝑓 𝐸  is the Fermi-Dirac distribution of eletrons at energy E, 𝑉  is the bias voltage between two 
electrodes. 
 
Figure 2.1 Diagram of initial and final states in the tunneling Hamiltonian picture. 
 
l   Tersoff-Harmman’s theory 
Figure 2.2 shows the diagram of the tip of Tersoff-Hamman’s theory34. Simply assuming the wave 
function of the tip is a spherical wave, the wave function of the sample is a plane wave. Then, at low 
temperature and small bias voltage V, the tunneling current becomes 𝐼< = .P[ℏ 𝑉 𝑀43 .𝛿(𝐸4 − 𝐸`)4,3 𝛿(𝐸3 − 𝐸`) (2.11) 
where 𝐸` is the Fermi energy. The finally tunneling current of can be obtained after the s-wave 
approximation for the tip 𝐼< ∝ 𝑉 ∙ 𝑛< 𝐸c exp	  (2𝜅𝑅) 𝜑3(𝑟>) .3 𝛿(𝐸3 − 𝐸`) (2.12) 
where 𝜅 is the decay rate,	  𝑛< 𝐸c  is the density states at the Fermi level of the tip,	  𝑅 is the effective tip 
radius and 𝑟> is the center of the curvature of the tip as shown in Figure 2.2. 2𝜅 = 2 .WghijℏN  (2.13) 
where 𝜙lmn is the local tunneling barrier height. The important part is 
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𝑛o 𝐸`, 𝑟> = 𝜑3(𝑟>) .3 𝛿(𝐸3 − 𝐸`) (2.14) 
which is the surface local density of state (LDOS) at the Fermi level 𝐸`. The tunneling current can be 
expressed as 𝐼< ∝ 𝑛o 𝐸`, 𝑟>  (2.15) 
Since  𝜑3(𝑟>) . ∝ 	  exp	  [−2𝜅 𝑠 + 𝑅 ] (2.16) 
Therefore, the tunneling current is dependent on the distance s between the tip and sample surface. Thus, the 
STM image can reflect the morphology of the sample surface. 
 
Figure 2.2 Diagram of STM tip. 
 
2.1.2 Principle of Operation 
    The tunneling current between the sample and the STM tip can be detected after approaching the STM 
tip to the sample surface with applied potential difference of about tens mV to volts between them. By scanning 
the tip along the surface, the pattern of the surface topography can be obtained. There are five main variable 
parameters in STM operation system, the lateral coordinates x and y, the height z, the bias voltage V, and the 
tunneling current I. Different scanning modes of STM operation are defined depending on the manner in which 
these five parameters are varied. In this sub-section, two most widely used modes of STM operations, constant-
current and constant-height modes are discussed. 
l   Constant-Current Mode (CC) 
In this mode, tunneling current I and bias voltage V are kept constant when the tip is scanned across the 
surface as shown in Figure 2.3. Since the tunneling current is deeply depending on the distance between the 
probe and sample surface, to maintain the tunneling current at a present value, an adjustment of the vertical 
height of the tip from the sample surface by variation of the feedback voltage Vz on the z-piezoelectric driver 
was deduced. While the lateral coordinates x and y are determined by the corresponding voltage Vx and Vy 
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applied to the x and y piezoelectric drives. Therefore, the feedback signal Vz(Vx , Vy) is acquired as a 
information that can be translated into the surface features of the surface topography. 
As the most widely used technique for acquiring STM images, CC has no great requirement for the 
flatness of the sample surface, even though the probing surface is not atomically flat. Because this mode shows 
the advantages of the ability to determine the surface height and sensitivity of the piezoelectric driver. However, 
a significant drawback of CC lies in a finite response time of the feedback loop. In order to make these precise 
measurements without delay, the scanning speed is limited. 
 
Figure 2.3 Diagram of Constant-Current Mode.  
 
l   Constant-Height Mode (CH) 
Constant-height mode, which is also called current imaging. Unlike CC, in simple terms, the tip height z 
and the bias voltage V are kept constant during scanning in CH as shown in Figure 2.4. The atomic-scale 
topography can be reflected by the variations of tunneling current which are recorded as function of a tip 
position. 
 
Figure 2.4 Diagram of Constant-Height Mode. 
 
Since the speed of rastering the tip in CH can be done greater than in CC, the CH mode is faster than CC 
mode. This shows the ability of CH for studying real-time dynamic process at atomic scale at surface, such as 
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surface diffusion. However, the CH also shows the disadvantages, such as the application only for relatively 
flat surfaces; and it is difficult to estimate the topographic heights quantitatively from variation of tunneling 
current. Therefore, the CC mode is usually used to get topographic STM data on a large scale. Whereas, the 
CH mode can be used at smaller scanning area with sufficient flatness. 
2.2 Atomic Force Microscopy (AFM) 
After the successful achievement of the scanning tunneling microscopy (STM), the development of a set 
of novel scanning probe microscopy methods has been inspired. The atomic force microscope (AFM) was 
invented by Binning, Quate and Gerber in 1986. It is well known for measurement and surface manipulation of 
sample in nanometer scale. 
2.2.1 Working Principle 
The principle of AFM operation is illustrated in Figure 2.5. An AFM typically consist of the following 
components: 
A sharp tip located at the free end of the cantilever. 
A way of sensing the deflection of cantilever (photo-diode plus laser). Several techniques are in use for 
detection of the small displacements of the cantilever. 
A feedback control system to monitor and control the cantilever deflection. 
A mechanical scanning system. A piezoelectric actuator is used to move the sample respect to the 
scanning tip. 
A display system that can converts the acquired data into an 3D image. 
During the AFM measurement, the interaction forces between the tip and the sample surface cause the 
cantilever to deflect. The displacement of the cantilever will be detected by a deflection sensor. 
 
Figure 2.5 Diagram of the set up of an AFM. 
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Considering the interaction of tip and sample as shown in Figure 2.6, when the distance between the tip 
and sample is relatively large, the cantilever is weakly attracted to the sample surface. There is no deflection 
on the cantilever. After the tip is pulled toward the surface, it comes to the attractive regime. When the distance 
decreasing, the attractive force between tip and sample will increase until the repulsive force becomes small 
enough that the electron clouds of the tip and sample atoms begin to repel each other, then comes to the 
repulsive regime, where the tip is hard contact with the surface. The range of the separation between the tip 
and sample used for AFM imaging defines the operation modes. 
 
Figure 2.6 Van der Waals force and distance curve. 
2.2.2 Operation Mode of AFM Measurement 
l   Tapping mode 
The AFM can be operated in various modes, such as contact mode, non-contact mode and tapping mode, 
but tapping mode is the most widely used operating mode for topography imaging. This mode is similar to 
non-contact mode, the distance between the tip and sample is conventionally on the order of tens to hundreds 
of Å with the relatively weak interactions. During the scanning, the cantilever is kept vibrating near its 
resonance frequency ahout 100 to 400 kHz with the typical amplitude of a few tens of Å. After interacting 
with the sample, the cantilever resonance frequency 𝑓t changes  𝑓t ∝ 𝑐 − 𝐹  (2.17) 
where c is the cantilever spring constant and 𝐹 is the force gradient. Tapping mode does not provide atomic 
resolution but appears to be advantageous for imaging rough surfaces with high topographical corrugation. 
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2.3 X-ray Diffraction (XRD) 
2.3.1 Principles of XRD 
XRD is a technique used for determining the atomic and molecular structure of a crystal. X-rays can be 
considered waves of electromagnetic radiation. When a propagating X-ray wave encounters some regularly 
spaced particles, where the wavelength is in the same order of magnitude as the spacing between the particles, 
then diffraction occurs as shown in Figure 2.7. Bragg’s law gives a condition for the intensity fo the diffracted 
beam related to the angle between the diffracted beam and solid. 
l   Bragg’s law 
Assume the parallel planes A and B of a crystal as shown in Figure 2.8. The spacing between the planes 
is given by 𝑑wxy, where h, k and l are the miller indices of the plane. A beam of X-ray with wavelength 𝜆 
approach the plane under an angle 𝜃. Constructive interference occurs when the diffracted waves have the 
same phase. The Bragg’s law  𝑛𝜆 = 2𝑑wxy sin 𝜃    (2.18) 
relates the diffraction angle to the inter planar spacing 𝑑wxy. 𝑑wxy = t(NENNJNNN)   (2.19) 
where a, b and c show the lattice parameters. Then, the miller indices h, k and l can be used to present by the 
diffraction angle of XRD spectrum. 
 
 
Figure 2.7 Diagram of XRD system. Figure 2.8 Diagram of Bragg’s law. 
 
2.3.2 Diffraction Pattern 
l   Powder diffraction 
    For powder crystals, it is stress-free and all crystals are randomly orientated. By using powdered crystals, 
all reflections of the crystallographic planes should be visible in the diffraction pattern. The relative intensities 
of the reflections should be similar, since at every angle the reflection of all planes is measured due to the 
XRD
X-ray Source 
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randomness in the powder. The powder spectrum is very useful when we want to identify the different 
components structure in a material. Therefore, some theoretical powder 
diffraction patterns with the planes corresponding to their Bragg peaks. The width and the absolute height and 
the relative intensity of the individual peaks of these calculated Bragg peaks are not representative for real 
powder diffraction patterns, but they are just randomly chosen.  
l   Thin film recrystallization 
    Thin film measurements are more difficult to analyze, because not all reflections of crystallographic 
planes might be visible in the diffraction pattern. Crystals can grow in a specific orientation that results in a 
preferred orientation. Therefore, one particular plane is much more common than another plane, which is not 
the case in a powder. This affects the relative intensities of the reflections. When there is a very strong preferred 
orientation, then it might be possible that only at one specific angle the reflection of a crystal is visible and 
that all the other reflections have disappeared. Therefore, analysis of a thin film’s diffraction is always along 
with the comparison with the powder pattern.  
2.4 Photoemission Spectroscopy (PES) 
Photoelectron spectra show the information about the density of states, the type of atoms, the presence 
ratio, and the state of chemical bonding by breaking down the energy distribution of photoelectrons. According 
to the energy of light classified as X-ray photoelectron spectrum (XPS) and Ultraviolet Photoelectron 
Spectroscopy (UPS). XPS was used to study the energy levels of atomic core level electronics. UPS is used to 
study valence energy levels and chemical bonding, especially the bonding character of molecular orbitals. 
2.4.1 Principle of PES 
The PES technique is an application of the photoelectric effect. As shown in the diagram of Figure 2.9. 
When the sample was exposed to the UV or XUV with the energy of 𝐸 = ℎ𝜈, photoelectric ionization occurred. 
The photoelectrons that actually escaped into the vacuum are collected and energy resolved. The kinetic energy 
of the photoelectrons 𝐸xC is  𝐸xC = ℎ𝜈 − 𝐸m − 𝜙  (3.1) 
where 𝐸m  is binding energy, 𝜙  is the work function. Therefore, the energies of the continuous emitted 
photoelectrons are characteristic of their original electronic states as shown in the spectrum. 
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Figure 2.9 (Left)Diagram of the energy level of photoemission experiment showing the initial state energy, 
the Fermi level, the vacuum level and the final state energy; (Right)A model of XPS spectrum showing the 
distribution of the intensity of photoelectrons respect to the binding energy. 
2.4.2 ARPES 
 
Figure 2.10 An experimental setup of ARPES. An incident photon with energy ℎ𝜈 excites an electron from 
initial state characterized by the momentum vector 𝜅∕∕ to the final state characterized by the momentum 
vector 𝜅[∕∕. The polar angle 𝜃 and azimuthal angle 𝜙 define the direction of the photoemitted electron. 
 
In ARPES, the angle of emission of an electron is introduced to the PES shown in figure 2.10. The energy 
analyzer allows simultaneous collection of photoelectrons over a polar angle 𝜃 range of 180° in the specular 
plane. Azimuthal scans are then made by rotating the sample around the surface normal in 1°  steps of 
azimuthal angle 𝜙. The energy and momentum parallel to the surface are conserved during the photoemission 
process, the detection of energy and momentum of the emitted electrons probes the band structure of the sample. 
The translational symmetry requires that the component of electron momentum in the plane of the sample be 
conserved, therefore, ℏ𝜅[∕∕ = ℏ𝜅∕∕ = 2𝑚𝐸𝑠𝑖𝑛𝜃  (3.2) 
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where 𝜅[∕∕ is the momentum of the outgoing electron, 𝜅∕∕ is the initial momentum of the electron,	  𝐸 is the 
detected kinetic energy of the the photoelectrons. Therefore, we can realize the electron distribution by 
measuring the emission angle and corresponding energy of the photoelectrons. ARPES provides the 
information of the absolute location of energy bands at different points relative to the Fermi level in k-space. 
  
 - 19 - 
Chapter 3  
Experimental Systems 
    In this chapter, the experimental apparatus used in this work is introduced. The ultra-high vacuum chamber 
equipped with substrate cleaning system, molecule evaporation system and measurement system of STM, was 
used to fabricate and keep the samples. In addition, PES was performed at UVSOR BL-2B and KEK BL-13B. 
3.1 Vacuum Chambers 
The characterization of a solid surface on an atomic level needs an unchanged surface composition over 
the duration of an experiment. This requires that the rate of arrival of reaction species from the gas environment 
should be low, i.e. vacuum environment. 
 
Figure 3.1 Schematic diagram of the experimental apparatus. 
 
All the experiments in this thesis were performed in an ultrahigh vacuum environment with the vacuum 
pressure of about 1×10#  Torr at room temperature. The UHV in the chamber is mainly produced by a 
combination of a pumping system with a rotary pump (RP), an ion pump (IP) and a turbo molecular pump 
(TMP). The pressure in the chamber is monitored by an ionization gauge. The pumps and gauges connected by 
tubes to the chamber and to each other comprise the pumping system. The whole equipment consists with 
preparation chamber, characterization chamber and STM measurement chamber, which are connected together. 
Every chamber in the vacuum system is isolated and can separated by a gate value. Samples can be transferred 
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between each chamber by means of magnetic-drive linear transfer rods. The schematic diagram of the 
experimental apparatus of this work is shown in Figure 3.1. 
Introduction of samples and STM tips to the UHV system was done after introducing clean N2 gas through 
the equipped leak value of the chambers, which can bring up the chamber to atmospheric pressure. 
3.2 Substrate Cleaning System 
We start with the experiment in the vacuum system once the UHV condition are ensured. Usually, the first 
thing needs to be done is the preparation of the clean sample surface. Because we need an atomically clean 
well-ordered surface which can been conducted only in situ in the UHV chamber. The main techniques for 
cleaning the samples in situ in UHV chamber are cleavage; heating; chemical processing and ion sputtering. In 
the works of this thesis, we use the method of the combination of Ar+ sputtering and annealing by filament to 
clean the metal substrates. 
 
 
Figure 3.2 Schematic diagram illustrating the techniques for cleaning the samples in situ in UHV chamber. 
(a) Ion sputtering; (b) Heating. 
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The Ar+ ion beam is carried out using UNISOKU's sputter ion gun (IB-102). Firstly, to produce an ion 
beam, Ar gas is introduced through a leak valve directly into the ionization chamber. At the same time, current 
is added to the filament to generate hot electrons, and a high electric field added to the filament accelerate the 
electrons. Therefore. the accelerating electrons can collide with Ar gas, leaving Ar in an ionized state. Then, 
the electrode in front of the ionization chamber accelerates the Ar+ ion beam to the substrate surface. Thus, 
impurities on the substrate surface can be removed. We should note here, we always connect the substrate to 
earth during the sputtering, because this reaction can prevent the sample from charging up. Ion sputtering is a 
very effective cleaning technique. However, the ion bombardment can cause a degradation of the surface 
structure. Therefore, subsequent annealing is required to restore the crystallography of sample surface at an 
atomic level, which can also remove the embedded and adsorbed Ar atoms. We always heating the sample by 
the filaments installed on the sample holder. The schematic diagram illustrating the heating and ion 
bombardment techniques is shown in Figure 3.2. In practice, several ion sputtering and heating cycles are 
required to obtain a well-ordered atomically clean surface. 
3.3 Molecule Deposition System 
3.3.1 Deposition Source 
Most UHV deposition technologies employ thermal evaporation or sublimation of materials. In this thesis, 
thermal evaporation of molecules was employed to prepare well-ordered adlayers on metal surface in UHV 
condition. The home-made deposition source with simple design, which was made of Ta material, is used in 
this thesis. The deposition procedure was carried out by heating the evaporator with adding current to it. This 
kind of evaporator can be made easily with any shape and size, which is benefit for different requirements of 
the experimental design. 
3.3.2 Deposition Monitor 
    A quartz crystal thickness monitor is mainly used for measuring the deposition rate and final film 
thickness, which are the most parameters for the deposition process. The relationship between the 
fundamental vibration frequency 𝒇𝟎 of quartz crystal and the crystal thickness 𝒅𝒒 is  𝒇𝟎 = 𝒅𝒒  (3.3) 
where 𝑁 = 1.67×10$	  𝐻𝑧 ∙ 𝑚𝑚. When the molecules come to the surface of the crystal, it will cause a mass 
increase by ∆𝑚 and lower its frequency by ∆𝑓 ∆𝑓 = 𝒇𝟎N∆W = ∆W𝒅𝒒N  (3.4) 
where 𝜌 = 2.65	  𝑔/𝑐𝑚 is the density of the quartz; A is the area of the crystal. 
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3.4 STM System 
The STM machine used in this experiment is the commercial STM made by UNISOKU. As shown in 
Figure 3.3, the system is mainly composed of a STM microscope unit, a STM control unit and a data 
manipulation unit. 
 
Figure 3.3 Schematic illustration of the STM set-up. 
 
In the microscope unit, the sample is fixed on the sample holder which is installed on the system. A coarse 
positioning system can bring the tip to within the tunneling distance of the sample and, when required, to retract 
it back to a sufficient distance. 
The control unit of STM is consist with an SPM controller of model system40 made by UNISOKU with 
a computer-automated system. The control method used for the controller is based on the proportional integral 
diffraction feedback method. 
The data manipulation unit is consisting with data acquisition, analysis, processing and visualization.  
3.5 Synchrotron 
In this work, UPS and ARPES measurements were deduced in the beam line of BL-2B of UVSOR 
synchrotron facility of the Institute for Molecular Science. A hemispherical electron analyzer (R3000, Sienta 
VG) is equipped with a custom-built apparatus with the high resolution of D∆D = 2000 − 8000. 
XPS measurement was done in the beam line of BL-13B of KEK. Vacuum ultraviolet and soft X-ray 
undulator beamlines, BL-13B are mainly dedicated to the study of surface chemistry, using angle-resolved 
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photoelectron spectroscopy (ARPES), X-ray photoelectron spectroscopy (XPS), and X-ray absorption 
spectroscopy (XAS). The available photon energy region is 30 - 1600 eV and the typical photon intensity is 
1012～108 photons/s. 
All the beam lines are equipped with UHV chambers with substrate cleaning systems, molecule 
deposition systems, which can realize the in-situ detection measurement after the fabrication of the samples. 
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Chapter 4  
Fabrication of Highly Oriented Multilayer Films of 
Picene and DNTT on Their Bulklike Monolayer 
4.1 Introduction 
    Small organic semiconductors with enhanced intermolecular interaction, such as phenacenes and 
thienoacenes, have been attracting attention because high-quality single crystals or thin films are expected. In 
this study, we focused on picene and Dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene (DNTT), as model 
molecules of phenacenes and thienoacenes, respectively. Indeed, the single crystalline picene shows the 
significant dispersion of the highest occupied molecular orbital (HOMO)35,36, and organic field-effect 
transistors (OFETs) utilizing the single crystalline picene exhibit high carrier mobility of more than 
1  cm2 V−1 s−1 37. Theoretical calculations have suggested that the single crystalline picene can exhibit a 
maximum mobility up to 2.6 cm2 V−1 s−1 along the π−π stacking direction38. OFETs based on single crystalline 
DNTT, on the other hand, have shown the mobility as high as 10 cm2 V−1 s−1 39. However, OFETs utilizing the 
thin films of these molecules have exhibited much lower hole mobility, such as 0.1–0.3 cm2 V−1 s−1 for picene40 
and 2.9 cm2 V−1 s−1 for DNTT 41. These facts suggest that further optimization of the thin film structure of these 
organic semiconductors is required. 
    There have been common problems in the growth of the multilayer film of these 𝜋-conjugated planar 
molecules; the monolayer of these molecules on the flat substrates usually take a "flat-lying" or "face-on" 
conformation due to significant coupling between 	  𝜋 orbital of molecules and the surface electronic states, 
while the second layer does not usually follow the configuration of the monolayer and tend to "stand up". This 
mechanism usually leads to a dendritic growth of the multilayer with a complicated morphology and small 
domain sizes 42–45. Even in the case of a carefully optimized deposition utilizing the supersonic molecular beam 
deposition of picene, the reported grain size of the film is in the range of several micrometers 46. The 
morphology of the monolayer is shown to be one of the key for the structure of multilayer film of organic 
semiconductors 6. We have recently reported that the careful deposition of picene and DNTT on the flat 
surfaces can form a corrugated monolayer in which half of the molecules take a "side-on" geometry 14. The 
same growth feature can also be seen in other phenacenes 15. The molecular ordering of the monolayer 
resembles the (110) plane of the bulk crystal, although they are not identical, which is distinct from the case 
of the similar 	  𝜋-conjugated molecules such as pentacene, and this phenomenon should reflect the strong 
intermolecular interaction of these molecules. The bulk-like monolayers could be useful for further stacking 
of flat-laying molecules on it, which can potentially yield a high-quality multilayer film. 
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   Therefore, in this work, we have tried to grow the multilayer picene and DNTT on their peculiar 
monolayer. We indeed demonstrated here that the careful fabrication of the bulk-like monolayers and further 
slow deposition of molecules resulted in formation of extremely long (more than 100 µm in the case of picene) 
and unidirectional islands consisting of flat-lying molecules. We will emphasize that much better crystalline 
film has been realized using picene in comparison with DNTT. The superior growth found in picene film may 
be attributable to the stronger intermolecular force constant, as deduced from the analysis of the potential 
energy curves of the molecule dimers and normal vibrational modes of the single crystalline structure of these 
molecules. The growth of the flat-lying molecules, which is particularly efficient for small molecules with 
enhanced intermolecular interaction such as phenacenes, will be beneficial not only in for the applications in 
the organic electronics devices, but also in the basic researches of the structure-function relationship of organic 
semiconductors. 
4.2 Substrate Materials and Experiment 
4.2.1 Substrate Material and Cleaning Method 
Single crystalline Au(111) was used as a substrate in this work. Solid gold is one of the most chemically 
inert substances where organic molecules adhere primarily through noncovalent van der Waals interactions. 
Au(111) has technical advantages in that it is relatively easy to obtain a clean atomically flat surface. It has 
been characterized to be the only face-centered-cubic metal that exhibits a reconstruction of the close-packed 
(111) surface, which shows both hexagonal-close packed and face-centered-cubic sites in the surface layer49,50. 
A large number of molecular assembly studies have been performed on this surface already. 
 
 
Figure 4.1 LEED spectrum of clean Au(111). Figure 4.2 STM image of clean Au(111) with 
herringbone structure. 
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After introducing to the high vacuum system, the Au(111) substrate was cleaned by several cycles of Ar+ 
ion sputtering (pressure: 1.0×10-5 Torr, accelerating voltage: 1.5 KeV) followed by annealing at approximately 
400  °C. The cleanliness of the substrate was examined by low-energy electron diffraction (LEED) as shown 
in Figure 4.1. The electron diffraction pattern was interpreted in terms of a superstructure with a local, twofold 
symmetry, which due to the higher, threefold symmetry of the face-centered-cubic (111) surface exists in three 
rotational domains. We also check the substrate surface by scanning tunneling microscopy (STM) with 
constant current mode. Herringbone reconstruction structure 17 of the Au(111) substrate was clearly observed 
by STM images as shown in Figure 4.2. 
4.2.2 Fabrication and Characterization Method of Monolayer and Thin Film   
The deposition of picene and DNTT molecules on the clean Au(111) substrate was performed in an ultra-
high vacuum (UHV) environment about 1×1010 Torr with a homemade Knudsen cell which allow a slow 
deposition rate of approximately 1 ML/1000 s in order to ensure good crystallinity of the resultant film. The 
deposition was carried out at the substrate temperature of room temperature (300 K) by heating the molecule 
evaporator carefully degassed. The deposition rate was monitored by a quartz crystal microbalance equipped 
in the UHV chamber. The distance from the molecule evaporator to Au(111) substrate was 35 cm. The 
formation of monolayers of picene and DNTT was confirmed by LEED and STM observation. After that, the 
multilayer of picene and DNTT was deposited on the well-ordered monolayer at the same rate in UHV. 
Structural measurements of the multilayer were performed ex situ at room temperature. Morphology of the 
multilayer was observed by atomic force microscopy (AFM) conducted in the tapping mode under atmospheric 
pressure and optical microscope (OM). Crystallographic phase and molecular orientation in the film were 
characterized by XRD measurement, which was performed by a Cu K𝛼 source X-ray of 𝜆 = 0.15406  nm. 
4.2.3 Calculation Method 
For the calculation of force constant of intermolecular van der Walls force between molecules, firstly, 
one simplified calculation of potential energy curve of intermolecular van der Walls force are calculated with 
respect to dimer separation with the PM6-D3 method in this work. Here, the optimization of molecular 
structure of picene and DNTT molecules were performed by Density functional theory (DFT) calculations 
with Gaussian code using the B3LYP functional with the DFT/6-311+G basis set. All the orientation and 
structure of molecule dimers were established based on the settings of experimental structure. The dimer 
separation procedure was obtained with varying intermolecular distance. The distance denotes spacing of a 
pair of atoms between the two monomers, and the variation process the orientation and structure of the 
monomers keep fixed. 
In order to prove the credibility of this simplified calculation results, another more precise calculation of 
the normal vibrational modes of crystal are obtained from the dynamical matrix constructed by the force field 
MMFF94s52 using CONFLEX code19. Here, the optimization process starts with the experimental structure 
and the atomic positions are optimized at fixed lattice constants. 
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4.3. Picene and DNTT Monolayers on Au(111) 
4.3.1 Morphology of Picene and DNTT monolayers 
Firstly, we confirmed the formation of the a characteristic corrugated monolayers of picene and DNTT 
on a clean Au(111) substrate. It was seen that the picene and DNTT molecules adsorb in the flat-lying geometry 
at loose coverage, while the geometry transforms into a corrugated arrangement near the monolayer coverage14. 
l   Monolayers with loose phase 
Figure 4.3(a) shows the picene monolayers with loose phase. The direction of molecular rows respect to 
the substrate can be easily defined to be [112] according to the herringbone reconstruction structure of Au(111) 
substrate. As shown in the magnified picene monolayer STM image (Figure 4.3(b)), each oval structure 
represents a picene molecule. We can easily recognize the short edge and long edge along the molecular axis 
of each picene molecule according to the shape of the molecule in the STM image, indicating the “face-on” 
adsorption of picene molecules with the unit cell of 0.8×1.5 nm2. Thus, the STM measurement shows that 
picene molecules prefers an adsorption model with short edge next to long edge along the molecular row. This 
kind of preferable arrangement has also been observed on Ag(100)53 (Figure 4.4(a)). In addition, it has been 
reported recently that, picene monolayer with loose coverage on Ag(111) shows the preferable adsorption 
model with short edge next to short edge, long edge next to long edge. The DFT calculation result is shown in 
structure model (Figure 4.4(b)). These two calculation results may be caused by the different interaction 
between molecule and substrate. 
  
Figure 4.3 (a) STM image of picene monolayers with loose coverage. The direction of the molecular packing 
row is marked by white arrow. (b) Magnified picene monolayer STM image. The unit cell of molecular 
arrangement is also marked on the STM image. 
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Figure 4.4 (a)53Adsorption configuration of Picene monolayer on Ag(100) at 0.5ML; (b)54 Structure model 
of picene monolayer with loose coverage on Ag(111) by the DFT calculation. 
    
  
Figure 4.5 (a) STM image of DNTT monolayer with loose coverage; (b) Magnified STM image. 
     
STM image of DNTT monolayer with loose coverage is shown in Figure 4.5. N shaped individual 
molecule, which corresponding to one DNTT molecule, can be observed. This phenomenon clearly indicates 
the “face-on” adsorption of DNTT molecules on the surface. Since the herringbone structure of Au(111) still 
can be recognized on the STM image, the molecular row direction can be defined to be [112]. The unit cell of 
this planar monolayer is shown to be 1.0×1.3 nm2 (Figure 4.5(b)). 
 
(a) (b)
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l   Monolayers with dense coverage 
With further deposition of picene and DNTT molecules, Figure 4.6(a) and 4.7(a) shows the dense 
monolayer structure of picene and DNTT on Au(111). As seen in the magnified STM image in Figure 4.6(b) 
and 4.7(b), the molecules in the monolayer show corrugated arrangements with the unit cell size of 
1.1 × 1.4  nm2 for picene and 1.1 × 1.6 nm2 for DNTT. This corrugated arrangement may be caused by different 
adsorption angle of the molecules, i.e. half of the molecules take the tiled arrangement, the other half of the 
molecules take the “face-on” arrangement. Similar corrugated arrangement of picene on Ag(111) and Ag(100) 
was also observed. The diagram of molecular arrangement is shown in Figure 4.8. 
 
  
Figure 4.6 (a) STM image of picene monolayer with dense coverage; (b) Magnified STM image. 
 
  
Figure 4.7(a) STM image of DNTT monolayer with dense coverage; (b) Magnified STM image. 
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Figure 4.854 Diagram of picene monolayer on Ag(111) with dense coverage by the DFT calculation. 
     
    Both phases of picene and DNTT do not appear to strongly interact with the substrate because the 
herringbone reconstruction structure of the Au(111) surface underneath the monolayer is still visible as shown 
in the STM images. Thus, it was found that the molecular rows (as defined with black arrows in the STM 
images) of the dense phase were aligned along the symmetric <110> direction of the substrate, which were 
also determined by the herringbone structure of the Au(111). There were three rotational domains, which were 
rotated by 120° from each other. The molecular arrangements and the sizes of the unit cells of the dense phases 
of picene and DNTT are apparently similar to the (110) planes of their single crystals (as illustrated in Figure 
4.9(a) and (b), respectively), although they are not identical. We should note here, this kind of bulklike 
monolayer has not been observed in other kind of small organic semiconductors, such as pentacene, to our 
knowledge. The formation of this type of characteristic monolayer seems to be common for phenacene or 
thienoacene, with enhanced intermolecular interaction55,56. 
 
  
Figure 4.9 (a) (b) (110) planes of picene and DNTT single crystals, respectively. Their unit cell was also 
shown in the images. 
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4.3.2 Electronic Structure of Picene and DNTT Monolayers 
Upon the phase transition from loose coverage to dense coverage, the evolution of valence band was 
checked by UPS (Figure 4.10)14. The x-axis shows the binding energy; the y-axis shows the density of the 
photoelectrons. Blue curves represent the UPS spectra of loose phase with loose coverage, which shows the 
HOMO position at 1.8 eV for picene and 1.9 eV for DNTT as marked by short black line in the images. Then, 
the HOMO peak of these two molecules splits into more features at the dense phase with bulklike molecular 
arrangement as observed by the red curves in the UPS spectra. The splitting of HOMO level is very sensitive 
to slight changes in the molecular packing, or the 𝜋 − 	  𝜋 stacking distance57. This splitting reaction of HOMO 
peak has not been seen in the polycrystalline film, but it is similar to that expected for single crystal. Therefore, 
this kind of well-ordered bulk like monolayer is suggested to have a stronger intermolecular interaction with 
a substantial overlap of the HOMO. 
  
Figure 4.10. UPS spectra of picene and DNTT monolayers with loose phase (L phase) and dense phase (D 
phase). 
4.4 Picene and DNTT Thin Films on Au(111) 
4.4.1 Morphology of Picene and DNTT Thin Films 
The dense monolayers of picene and DNTT with bulk-like molecular arrangement as discussed above 
are promising for enhanced stacking of further molecules in a similar fashion. Therefore, we further deposited 
the multilayer of picene onto the dense monolayer and observed an abrupt growth of large and straight islands 
of the multilayer. These islands became so large that they could be clearly seen even with an optical microscope 
(OM). The OM images of the surface with loose and dense coverage of the picene islands prepared with the 
slow deposition of approximately 20 and 70 ML of picene molecules on the dense monolayer, are shown in 
Figure 4.11(a) and (b), respectively. In the image of the 20 ML coverage, Figure 4.11(a), the formation of the 
Picene ML/Au(111)
.2.0.2.5 .1.5 .1.0
DNTT$ML/Au(111)
-2.0 -1.5 -1.0
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rod-like picene crystalline islands with sharp edges are seen. The typical length, width and height of the rod 
are approximately 30 µm, 0.5 µm and 150 nm, respectively. It was clearly observed that the rods tend to align 
along three particular directions. The three directions, marked with arrows in Figure 4.11(a), were found to 
correspond to the three domains of molecular rows of the monolayer on the Au (111) substrate, i.e., the <110> 
direction. With increasing the coverage of molecules, as shown in Figure 4.11(b), large-scale crystalline islands 
with a length of much more than 100 µm were obtained. At the same time, the domain with the aligned islands 
became as large as 0.5 mm.  
  
Figure 4.11 (a) Optical microscopy image of picene thin film with the coverage of 20ML; (b) Optical 
microscopy image of picene thin film with the coverage of 70ML. 
    Figure 4.12(a) shows the topography of picene crystal island of 70 ML. The width and height of the 
straight island are approximately 0.5 µm and 300 nm as indicated by Figure 4.12(b). Figure 4.13(a) shows the 
AFM topography of the top surface of the crystalline picene island, where a step-terrace-like structure was 
observed. However, most of the steps were with a height of more than 5 nm, as shown in the line scan A in 
Figure 4.13(b), much larger than a single molecular step, possibly due to bunching of the steps. In addition, 
the terrace morphology was found to be corrugated with amplitude of several nm as shown in the line scan B 
in Figure 4.13(b). It is noted that the AFM measurements were conducted after taking the sample out to the 
atmospheric environment from a UHV, therefore, some distortion of the crystal surface, such as dewetting or 
disordering due to water coadsorption, may have occurred in this process. We note here that the structure of 
the monolayer was not changed with increasing the coverage of the molecule. Therefore, crystalline islands 
seem to form directly on the monolayer without wetting layer.    
(a)20ML
50!m
(b)70ML
100!m
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Figure 4.12 (a) AFM image of morphology of picene crystalline island; (b) Height profile corresponding to 
the scanning line in the AFM image. 
 
 
 
Figure 4.13 (a) AFM image of topography of top surface of picene crystalline island; (b) Height profiles 
corresponding to the scanning lines in the AFM image. 
  We also examined the thicker film of DNTT on its bulk-like monolayer. Figure 4.14(a) shows the OM 
image of DNTT thin film with the molecular coverage of 30 ML. Although we observed formation of the 
similar islands with the height of 130 nm (as shown in the line scan in Figure 4.15 (a) and (b)) as in the case 
of picene, the size of them were relatively smaller and the tendency of the alignment of the islands with respect 
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to the substrate was also weaker. In the higher coverage of 70 ML, as shown in Figure 4.14(b), we found a 
network structure of the island with typical length of several µm, which was distinct from the case of the high-
coverage picene (Figure 4.11(b)). From the AFM image shown in Figure 4.15(a), the surface of DNTT crystal 
island is rather rough. These results are consistent with the recent work of Dreher et al16.     
  
Figure 4.14 (a) Optical microscopy image of DNTT thin film with the coverage of 30ML; (b) Optical 
microscopy image of DNTT thin film with the coverage of 70ML. 
 
 
 
Figure 4.15 (a) AFM image of morphology of DNTT crystalline island; (b) Height profile corresponding to 
the scanning line in the AFM image. 
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4.4.2 Molecular Arrangement of Picene and DNTT Thin Tilms 
We then analyzed the molecular orientation of crystalline picene film by means of XRD measurements. 
Figure 4.16(a) displays the spectrum of the θ/2θ-scan without subtraction of the background signal of an Au 
substrate. Within the analyzed angular range of 5–30°, two obvious diffraction peaks were observed at 
2θ = 22.1°and 2θ = 26.4°. These peaks are assigned to be due to (201) and (211) planes, respectively, by 
comparison with the powder spectra (Figure 4.16(b)).  
  
Figure 4.16 (a) XRD spectrum of the picene thin film on Au(111). (b) Calculated spectrum of the picene 
powder performed by the CCSD software package. (c) Model of molecular arrangements of the (201 ̅) and 
(211 ̅) planes of the bulk picene crystal. 
 
The schematic images of molecular arrangements of the (201) and (211) planes are illustrated in Figure 
4.16(c), which reveals a characteristic orientation of molecules with the long axes parallel to the surface 
(parallel molecule). Therefore, the monolayer acts as a prestage of the further film growth, resulting in picene 
crystallites with the (201) and (211) planes being parallel to the Au(111) surface. Note that the molecular 
arrangements in the (201) and (211) planes are not identical to the monolayer as indicate in Figure 4.17. The 
formation and stabilization of the first monolayer are dominantly driven by a competition between molecule-
molecule and molecule-substrate interaction. If the monolayer is well established, molecules have to form a 
second layer on the top of the organic template provided by the first monolayer. In further consequence, 
molecule-molecule interactions become more and more dominant, whereas molecule-substrate interactions 
play a minor role. This implies that, although the bulk-like monolayer can facilitate the further stacking of the 
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parallel molecules, template effect of the monolayer is not strong enough to realize epitaxial growth of the 
over layer. In the case of DNTT, as revealed by the work of Dreher et al., DNTT island showed a (121) plane 
in XRD spectrum, which also shows the similar but distinct molecular arrangement from its monolayer. About 
the clear growth mode of this work, we should note that the details mechanism of the growth has not been yet 
clarified, we would not discuss here. More researches for this matter are surely required. 
 
Figure 4.17 Graphical summary of picene thin film formation. 
4.5 Calculation of The Force Constant of Intermolecular Van der Waals 
Force 
Although we demonstrated that both picene and DNTT can form the crystalline islands with parallel 
molecules, that of picene showed higher degree of homogeneity of each island, strict orientation with respect 
to the substrate and tendency to form larger domain with single orientation of crystalline islands. Although a 
microscopic understanding of crystallization mechanism is still difficult issue, the different behavior between 
two molecules may be attributable to the difference in the intermolecular interactions. Therefore, we calculated 
the force constant of the intermolecular van der Waals force of picene and DNTT. 
4.5.1 Calculation by Means of Potential Energy Curve 
The intermolecular interaction between picene molecules and DNTT molecules, respectively, were 
evaluated by means of their potential energy curves. As a most simple model of the molecular configuration, 
the pair of molecules with the face-to-edge arrangement as shown in Figure 4.18(a) and Figure 4.19(a) were 
used as picene dimer and DNTT dimer, which are installed with the parameters corresponding to the molecular 
arrangement in (110) plane of their single crystal. It is noted that the STM images cannot give a detailed 
molecular arrangement in the bulklike monolayer. Figure 4.18(b) and Figure 4.19(b) show the potential energy 
curves of picene dimer and DNTT dimer, respectively, versus the center-to-center distance relative to the 
equilibrium between the monomers. The potential energy curves are obtained by calculating the interaction 
energy of dimers at different points as one molecule of the dimer moves in the direction of the (110) plan 
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surface at PM6-D3 method, which is always used for the calculation of molecular weak interactions, by 
Gaussian 03 program. When the intermolecular distance is less than that of the equilibrium position, the 
potential energy decreases with increasing the distance between the molecules. After reaching the equilibrium 
position, the potential energy increases as the distance between molecules increases until the totally separation 
of the two molecules. Set the potential energy 0 eV at the translation distance of infinity. It should be noted 
here that the intermolecular distance between two molecules in these two simple models at the equilibrium 
position were shown to be slightly smaller than that in the single crystals, because there is no interaction with 
other molecules during the calculation, whereas intermolecular distance of two adjacent molecules in the single 
crystals is contributed by the interaction with all the surrounding molecules. 
 
 
 
Figure 4.18 (a) The arrangement of picene dimer in the single crystal. The red face indicates the (110) plane 
picene single crystal. Some parameters about the angles between two monomers of the dimer and the 
distances between atoms of each monomer were shown in the diagram. (b) Potential energy curve for picene 
dimer versus the center to center distance between the monomers. Potential energies and translation distance 
relative to the equilibrium are shown. 
 
    It is simply assumed that the simple harmonic oscillation at the position with minimum potential energy. 
Set the position with minimum potential energy as equilibrium for both the picene dimer and DNTT dimer as 
shown in Figure 4.20, considering the potential energy for elastic formula 
U=t.kx2  (4.9) 
where U is potential energy of a spring at a certain position; k is the spring constant; x is distance from 
equilibrium when the spring is stretched or compressed.  
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Figure 4.19 (a) The diagram of DNTT dimer in the single crystal. The red face indicates the (110) plane 
DNTT single crystal. Some parameters about the angles between two monomers of the dimer and the 
distances between atoms of each monomer were shown. (b) Potential energy curves for DNTT dimer versus 
the center to center distance between the monomers. Potential energies and translation distance relative to 
the equilibrium are shown. 
 
 
 
Figure 4.20 Zoom area of the equilibrium position with minimum binding energy of the potential energy 
curves for both the picene dimer and DNTT dimer. Set the relative energy at the equilibrium position with 
0 eV.  
 
After fitting equations near the equilibrium for potential energy curves of picene and DNTT in Figure 
4.20, we can simply deduce the force constant of the intermolecular van der Waals bonding along the π-
stacking direction of two adjacent molecules in the (110) plane of the single crystal of 26.27 kg/s2 for picene 
and 21.64 kg/s2 for DNTT. Thus, the π-π interaction in picene is found to be stronger than that of DNTT, 
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possibly resulting in the better crystalline morphology of the multilayer. However, since the molecular growth 
can depend on many other parameters, further detailed examination will be required. 
 
  
Figure 4.21 (a) The diagram of picene dimer with flat-lying configuration in the loose phase of picene 
monolayer; (b) Zoom area of the equilibrium position with minimum binding energy of the potential energy 
curves for picene dimer with the flat-lying configuration in loose phase of monolayer and picene dimer with 
bulklike configuration in dense phase of monolayer, respectively.  
 
The intermolecular interaction between picene molecules and DNTT molecules in the loose phase 
monolayer, which shows the “flat-lying” configuration as discussed in section 4.3.1, were also evaluated using 
the same method. Figure 4.22(a) shows the simple model of the molecular configuration of picene dimer in 
the loose phase of monolayer, which shows the flat-lying and parallel molecular arrangement. After fitting 
equation for the potential energy curve of picene dimer in loose phase (Figure 4.21(b)), deducing the force 
constant of the intermolecular van der Waals force of 10.27 kg/s2, which is smaller than that of picene dimer 
in dense phase as discussed above (26.27 kg/s2) as shown in Table 4.1. As for the case of DNTT, Figure 4.23(a) 
shows the diagram of DNTT dimer in the loose phase of monolayer. From the fitting equation for the potential 
energy curve of DNTT dimer in loose phase (Figure 4.22(b)), the force constant of the intermolecular van der 
Waals force can be get easily to be the value of 1.7 kg/s2, which is also smaller than that of DNTT dimer in 
dense phase as discussed above (21.64 kg/s2). And the minimum potential energy of bulk dimer of both picene 
and DNTT shows the smaller value than that of flat-lying dimers as summarized in Table 4.1. Therefore, this 
phenomenon can also indicate the stronger intermolecular interaction of peculiar bulklike monolayer than the 
normal monolayer consists of only “flat-lying” molecules. It is noted that, the similar straight island structure 
of pentacene and quaterphenyl thin films were previously found on the metal substrate17,24. However, the size 
of the islands is much smaller than the case of picene or DNTT. This difference is attributable to the difference 
in the structure of the monolayer, i.e., monolayer of pentacene consists of "flat-lying" molecules, in contrast 
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to the case of molecules examined in the present study. The characteristic shape of monolayer with a bulk-like 
molecular arrangement can therefore considered to stabilize the upper layer with the parallel molecules.    
 
 
Figure 4.22 (a) The diagram of DNTT dimer with flat-lying configuration in the loose phase of monolayer; 
(b) Zoom area of the equilibrium position with minimum binding energy of the potential energy curves for 
DNTT dimer with flat-lying configuration in loose phase of monolayer and DNTT dimer with bulklike 
configuration in dense phase of monolayer, respectively.  
 
Table 4.1 Calculated results of picene and DNTT dimers 
 Picene DNTT 
Bulk dimer 
 
Flat-lying dimer
 
Bulk dimer
 
Flat-lying dimer
 
Minimum potential 
energy (eV) 
-0.4 -0.1 -0.39 -0.08 
Force constant 
(kg/s2) 
26.27 10.27 21.64 1.7 
 
4.5.2 Calculation by Means of Vibration Energy 
As the measure of the intermolecular force constant, we also examined the vibrational energy of the 
translational modes with the molecular displacement in the direction of the van der Waals bonding, in the case 
of the single crystalline picene and DNTT. The normal vibrational modes were calculated from the dynamical 
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matrix constructed by the force field MMFF94s using CONFLEX 22. Figure 4.23 shows translational optic 
phonon modes at the Γ point, in which the displacements of atoms (indicated by red arrows) are mainly along 
the π-stacking direction of two adjacent molecules in the a-b plane of the single crystal. The vibrational 
energies of such modes in the case of picene and DNTT were found to be 10.61 meV and 8.638 meV, 
respectively, as indicated in the figure.  
  
Figure 4.23 (a) Molecular vibration modes in the parallel ab plane of the picene dimer of its bulk phase unit 
cell. (b) Molecular vibration modes in the parallel ab plane of the DNTT dimer of its bulk phase unit cell. 
The parameters below the figures indicate their corresponding vibrational energy. 
    Since we have two molecules in each unit cell, now we consider a lattice vibration with one-dimensional 
chain where two different atoms with masses M and m alternate, which are interacting with their nearest 
neighbors via a potential V (x), which has a minimum at the equilibrium position. We consider a dynamical 
behavior for small displacements na+un of the individual atoms, where a is the distance between two atoms, 
the period of the diatomic system is 2a. The position of two atoms which is labeled by index n are given by 
xn1=2na+	  𝑢.for atom 1 and xn2=2na+a+𝑢.t for atom 2. Therefore, only considering the elastic interaction 
between nearest neighbor atoms, motion equation of the n diatoms is 
M
¢N£N¤¢¥N =k(𝑢.t + 𝑢.#t − 2𝑢.)  (4.1) 
m
¢N£N¤¦§¢¥N =k(𝑢. + 𝑢.. − 2𝑢.t)  (4.2) 
where k is the force constant. 
The Ansatz 
𝑢. = 𝐴𝑒C(©<#.3) and 𝑢.t = 𝐵𝑒C[©<#(.t)3)  (4.3) 
ℏ" picene=10.61 meV
c
ab ℏ" DNTT=8.638 meV
c
a
b
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provides a matrix equation 
−𝜔. 𝑀 00 𝑚 m = 𝑘 −2 2cos	  (𝑎𝑞)2cos	  (𝑎𝑞) −2 m   (4.4) 
The existence of nontrivial solutions provides the condition 𝑀𝜔. − 2𝑘 2𝑘𝑐𝑜𝑠(𝑎𝑞)2𝑘𝑐𝑜𝑠(𝑎𝑞) 𝑚𝜔. − 2𝑘 = 0  (4.5) 
with the solutions 
𝜔±. = x³W 𝑀 + 𝑚 ± 𝑀 +𝑚 . − 4𝑀𝑚𝑠𝑖𝑛.𝑎𝑞 = x(³W)³W 1 ± 1 − &³W(³W)N 𝑠𝑖𝑛.𝑎𝑞   (4.6) 
These are plotted in Figure 4.24, which displays two branches. 
For the lower branch (acoustic branch) we have 𝜔 = 0 at the Γ point and A=B, indicating both atoms 
within the unit cell moves in the same direction. For the upper branch (optical branch), we got 
𝜔 = 2𝑘 ³W³W  (4.7) 
and 
M∙A=−m∙B (4.8) 
which indicating the two atoms in each unit cell move against each other. The difference between the two 
patterns is that the optical branch is written in the original cell tracing the vibration model of relative movement 
between two atoms. Therefore, in our case, from the energy of the vibrational modes and masses of the 
molecule (picene: 2.78 ×10-1 kg /mol, DNTT:3.40×10-1 kg /mol), we estimated the force constant of the 
intermolecular van der Waals bonding, simply assuming the harmonic oscillation using the optical branch, 
deducing 30.1 kg/s2 for picene and 24.3 kg/s2 for DNTT along parallel ab plane, which is consistent with the 
result calculated from potential energy curves. This shows that the simplified method as we discussed in 
section 4.5.1 in this work is feasible for the evaluation of the intermolecular interaction. Even though the force 
constants of the intermolecular van der Waals force obtained from the calculation by means of potential energy 
curves for picene and DNTT dimers are slightly smaller than the values obtained from the vibration energy of 
the translational modes of two molecules in the single crystal along the same binding direction. This can be 
explained by the fact that the latter results include the interactions with other molecules in the crystal. Whereas, 
in the former simplified case, we only considered the interactions of the two molecules within the dimers.  
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Figure 4.24 Vibrational spectrum for the diatomic chain with the masses M and m. 
 
4.6 Summary 
Well-defined crystalline films of picene and DNTT on their well-ordered monolayers with a bulklike 
molecular arrangement were fabricated. By means of slow deposition of the multilayer on the bulklike 
monolayer, large-scale crystalline islands having lengths of several hundred micrometers were obtained, 
especially in the case of picene. XRD measurement revealed that picene crystals consist of planes of (201) and 
(211), clearly suggesting that the film consists of the parallel molecules which may be stabilized by the peculiar 
structure of the monolayer. The force constant of van der Walls force of picene and DNTT were also calculated 
by means of a kind of simplified calculation methods, which can examine the intermolecular interaction of 
picene than DNTT. The superior growth in picene films may be attributed to the stronger intermolecular force 
constant. 
q0
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Chapter 5  
Morphology and Electronic Structure of Peculiar 
Sumanene Monolayers and Fabrication of 
Sumanene Thin Films 
5.1 Introduction 
Modification of surfaces with bowl-shaped hydrocarbons, which is always called buckybowls, have 
attracted much interest because their pronounced difference of chemical ability between the concave side and 
convex side, large dipole moment and shape complementarity60. Two-dimensional self-assembly of 
buckybowls at surfaces have shown some peculiar phenomenon like bowl-in-bowl complexation61,62 and 
pentagonal molecular tiling63–67. However, no well-defined periodic bowl-in-bowl stacking molecular 
arrangement, which is expected to have efficient intermolecular interaction, has been realized until now. 
Sumanene, a kind of buckybowl that exhibits a concave-convex geometry, is characterized by a C3v-
symmetric fragment of C60 fullerenes. Following the successful synthesis of sumanene by Sakurai et al. in 
2003 68, the characteristic and structural features of sumanene have already been reported26,29,69,70. Studies have 
shown that the bowl shaped geometry of sumanene can enhances the adsorption of molecules such as, CO, 
CO2 and NH371, especially the adsorption of H2, which can be employed in developing efficient hydrogen 
storage systems25,72. A clear energetic preference for atoms or molecules, such as K, methane and C60, binding 
to the concave face of sumanene as an efficient host-guest complex was reported72,73. The curved binding 
surfaces of sumanene can also improve the intermolecular π-π coupling, hence improve the intermolecular 
electron transport. Indeed, in the crystal of sumanene, it assembles a one-dimensional (1D) bowl-stack column 
through a concave-convex interaction, where every column is presented in the same direction26. The minimum 
estimate of the intra-columnar electron mobility of sumanene single crystal along the bowl-stacking direction 
was calculated to be 0.75 cm2 V−1 s−127, which is comparable to a C60 single crystal ( 0.5 cm2 V−1 s−1)28. However, 
a much smaller electron mobility with the value of 4.9 ×10#  cm2 V−1 s−1 was exhibited along the 
perpendicular direction to the bowl-stacking axis. Recently, unique thermal property of sumanene, where the 
heat transport is dominant along the perpendicular direction to the stacked column of sumanene crystal, was 
investigated29. Therefore, these excellent properties of sumanene make it an attractive and promising candidate 
for the application in organic electronics 
The surface-adsorbed sumanene on Ag(111) with bowl-up and bowl-down conformations have been 
observed so far73. In 2016, Fujii and coworkers have demonstrated that the bowl inversion of sumanene 
monolayer on Au(111) surface can be actively driven by external force74. Their results strongly suggest the 
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possibility of application in the molecular-scale memory devices if the bowl-up and bowl-down state in 
interpreted as different signals. Since the control of the molecular arrangement at the interface between 
aromatic organic molecules and surfaces affects the electronic, optical and thermoelectric properties of 
sumanene thin films, it is necessary to have reasonable design of the molecular packing and to explore the 
electronic structures obtained from the interface of sumanene and substrates.  
In this chapter, sumanene monolayer with one-dimensional bowl-stacking arrangement, which may have 
the enhanced and stabilized convex-concave intermolecular coupling, was realized on Cu(111) surface. We 
clarified the electronic structure of both the bowl-stacking arrangement of sumanene monolayer on Cu(111) 
and bowl-up and bowl-down alternate arrangement of sumanene monolayer on Ag(111)/Au(111) by UPS, 
XPS and ARPES. The results suggest that enhanced carrier mobility along the bowl-stacking molecular 
direction of sumanene monolayer on Cu(111) can be expected. Furthermore, sumanene thin films based on 
these two kinds of peculiar monolayers were fabricated. The superior growth of sumanene thin film with tilted 
molecular arrangement on Cu(111) may due to the stronger intermolecular interaction along the bowl-stacking 
direction in monolayer, which can stabilized the further molecules.  
5.2 Experiment 
5.2.1 Experimental Method 
Noble single crystalline Au(111), Cu(111) and Ag(111) were used as substrates in this works. All the 
substrates were cleaned by several cycles of Ar+ ion sputtering followed by annealing. The cleanliness of the 
substrates was examined by low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM) 
with constant current mode. All the fabrication progress of monolayers and thin films was operated in an ultra-
high vacuum (UHV) environment. Morphology of the thin film was observed by atomic force microscopy 
(AFM) and optical microscope (OM). Crystallographic phase and molecular orientation in the films were 
characterized by XRD measurement.  
Electronic structure of monolayers was checked by synchrotron photoemission. UPS and ARPES were 
conducted at the BL-2B of UVSOR and XPS was done at BL-13B of Photon Factory. 
5.2.2 Calculation Method 
Density functional theory (DFT) calculations were performed with Gaussian code in this part. We first 
optimize molecular structure of sumanene molecule with the DFT/6-311+G basis set. Simple model with only 
a pair of molecules of the molecular configuration were used in this work. The configuration of each dimer 
was optimized with the corresponding experimental parameters. Dimerscan with respect to the separation of 
two molecules of the dimer was performed with the calculation of the intermolecular interaction energy every 
several Å with the PM6-D3 method in this work. In the separation process the orientation and structure of 
monomers keep fixed. 
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5.3 Morphology of Sumanene Monolayer on Metal Surfaces 
5.3.1 Bowl-stacking Arrangement of Sumanene Monolayer on Cu(111) 
In this work, the adsorption of bowl-stacking sumanene on the Cu(111) surface has been observed by 
means of scanning tunneling microscopy (STM). In the below wide-area STM image (Figure 5.1(a)), clear 
one-dimensional structure can be seen. The STM image shows two rotational domains distributed at different 
terrace, which can be distinguished by the difference in light and dark caused by step height difference. There 
are totally three rotational domains (not shown here), which show 120 degrees from each other, because of the 
three rotational symmetry of the Cu(111) substrate. 
 
 
 
The detail of molecular arrangement of sumanene monolayer on Cu(111) is shown in the enlarged STM 
image (Figure 5.1(b)). The formation of five-rows periodic structure marked from A to E was found. The size 
of each kind of complex ellipse spot of five-rows periodic structure in the STM image is about 1 nm, which is 
same as the diameter of sumanene molecule. Therefore, it is believed that one ellipse spot corresponds to one 
sumanene molecule. The elongated shape of sumanene molecule is not like the round shape of sumanene of 
monolayer on Ag(111) as shown in Figure 5.4. As shown in Figure 5.1(b), a depression of sumanene molecules, 
most of which were found not in the center of the molecules, can be observed in the STM image. This 
appearance indicates that the sumanene molecules did not adsorbed parallel to the substrate, hence, dominating 
 
Figure 5.1 (a) STM image of wide-area five-rows periodic structure of sumanene monolayer on Cu(111); 
(b) Enlarged image of five-rows periodic structure; (c) One possible side view of single molecular row of 
monolayer. 
18nm
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such a STM contrast of one single molecule. Whereas, sumanene molecules are tilted adsorbed on the surface 
with the rim on the top side, possibly forming a bowl-stacking arrangement with π- π binding as shown in the 
diagram of side view in Figure 5.1(c). According to the different bright and dark STM contrast of five-rows 
periodic structure in the STM image, it can be expected that the slope of molecules relative to the substrate is 
different. Slope angle of molecular rows D and E are similar with that of molecular row A. Slope angle of 
molecular rows B and C, which show brighter STM contrast, seems larger. Therefore, sumanene molecules of 
each molecular row of the five-rows periodic structure takes different adsorption angle and adsorption site as 
suggested in the diagram of Figure 5.2(b), where The C-H···π binding motif between the rim and the benzene 
ring of sumanene molecules of nearby molecular rows is also clearly indicated75. In spite of this, all the 
molecular rows assemble the bowl-stacking arrangement, which indicate more efficient 𝜋  interaction 
between sumanene molecules than that of flat-lying arrangement on Au(111) and Ag(111). As a result, the 
unit cell of this one-dimensional bowl-stacking arrangement was very large, with the unit cell being 
approximately 0.85 nm along the column direction and 4.2 nm across the column direction as shown in Figure 
5.1(b).  
 
Figure 5.2 (a)STM image of sumanene monolayer on Cu(111)with both phase 1 and phase 2; (b)Diagram of 
molecular arrangement of phase1; (c) Diagram of molecular arrangement of phase 2. 
 
At the terminal area of the five-rows periodic structure (phase 1) another phase (phase 2) with different 
molecular arrangement was also observed by STM measurement as shown in Figure 5.2 (a). Figure 5.3 (a) 
shows the enlarged STM image of phase 2 with the unit cell of 1.2×1.4 nm2. Two kinds of elongated shape of 
the sumanene molecules of two adjacent molecular rows indicate that phase 2 consists of two kinds of different 
tilted sumanene molecules, which can be also shown by the height difference of the molecules with the average 
height of 7	  Å in row A and average height of 8 Å in row B as shown in Figure 5.3(b). Therefore, phase 2 of 
sumanene monolayer on Cu(111) shows one-dimensional bowl-stacking sumanene with two-rows periodic 
arrangement, as shown in the diagram of Figure 5.2(c), was also identified. 
5.9nm
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Figure 5.3 (a) Enlarged STM image of phase 2 with two-rows periodic arrangement of the sumanene 
monolayer on Cu(111) in Figure 5.2(a); (b)Height profiles corresponding to the scanning lines in the STM 
image. 
 
We should note here, this one-dimensional bowl-stacking structure was stable during STM measurements 
at RT. The one-dimensional molecular arrangement domains are rather large as shown in Figure 5.1(a). These 
phenomenon can reflect the strong intermolecular interaction of bowl-stacking sumanene monolayer on 
Cu(111). 
5.3.2 Bowl-up and Bowl-down Arrangement of Sumanene Monolayers on Au(111) and Ag(111) 
STM images of sumanene monolayers on Ag(111) and Au(111) are shown in Figure 5.4(a) and (b). 
Periodic honeycomb and hexagonal patterns are apparent on sumanene monolayers both on Ag(111) and 
Au(111) as shown in the diagram of Figure 5.4(c). The round shape spots in the STM image with the diameter 
of about 1.0 nm are corresponds to one sumanene molecule. Height difference between bright and dark 
molecules is about 1Å as measured by the scanning line in the STM image (Figure 5.4(d)). The difference 
between bright and dark STM contrasts corresponding to the bowl-up and bowl-down conformation of 
sumanene molecules, which has been proved theoretically and experimentally73. The ratio of bow-up and bowl-
down molecules is shown to be 2:1 in this kind of arrangement according to the STM result, arranged in 
hexagons at intervals of about 1.0 nm. In this structure, sumanene molecules are stabilized by 𝜋-	  𝜋 stacking 
of bowl-up and bowl-down molecules, which has been explained by an inversion during the adsorption process 
in order to orient the three six-membered rings at the rim of sumanene molecule parallel to the six- membered 
ring of nearby sumanene. 
However, it is difficult to determine more details of adsorption morphology of molecules only by STM 
measurement at room temperature in our case, such as the different rotational states of sumanene molecules.  
A presence of three rotational states was expected on Ag(111) and Au(111) from earlier studies74,76. However, 
it shows a randomly rotational orientation at room temperature by STM detection. 
1.0nm
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B
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Figure 5.4 (a)(b) STM images of sumanene monolayers on Ag(111) and Au(111), respectively; (c) Diagram 
of the molecular arrangement; (d) Height profile corresponding to the scanning line in (b). The background 
color corresponds to the sumanene molecule of the corresponding color in figure (c). 
 
Since we determined the sumanene monolayers on Ag(111) and Au(111) at room temperature. The 
dynamic inversion was observed during the STM measurement. Most of the molecules exhibit the sudden 
changes in the molecular height during the scanning, which is shown as the scratches on the molecules as 
shown in Figure 5.5. Sumanene molecule with bowl-down conformation is characterized by a brighter 
protrusion at the molecular center74 (Figure 5.5(b)), and the bowl-up conformation is characterized by a 
brighter protrusion around the molecular edge(Figure 5.5(a)). At room temperature, the STM-induced bowl 
inversion lead to bright and dark STM contrast within single molecule as shown in Figure 5.5 both in the case 
of bowl-up and bowl-down molecules. The initial bowl-up state switches to bowl-down state, and then back 
to the bowl-up states. Thus, the high frequency flipping between bowl-up and bowl-down cause the bright and 
dark, which reflect up and down within one single molecule. These scratches should not be caused by noise 
from external environment, because the noise induced scratches can appear everywhere without the switch 
between bright and dark STM contrast on a molecule. 
(a) (b)
(c) (d)
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Figure 5.5 (a) STM image of bowl-up molecule; (b) STM image of bowl-down molecule. 
 
The bowl-inversion phenomenon of sumanene molecules has not been reported in low temperature STM 
measurement. Meanwhile, sumanene molecules in solution also did not show bowl-inversion at room 
temperature. The activation barrier of bowl inversion has been revealed to be 0.7 eV at interface74. However, 
the room temperature can be regard as only 0.026 eV. Therefore, the bowl-inversion of sumanene molecules 
on Au(111) and Ag(111) in our case can be considered to be caused by the influences of a combination of 
temperature, STM probe and interaction between molecules and the substrate.  
The effects of such bowl-inversion must be considered in the fabrication of organic semiconductor 
devices using sumanene, and it is also important to utilize this specific effect actively. 
5.4 Electronic Characterization of Sumanene Monolayers 
The electronic properties and chemical reactivity of materials are closely related to the behavior of 
valence electrons near the Fermi level and core level electrons at core level. Thereby, the degree of the overlap 
of the frontier orbitals of organic molecules plays an important role in determining the film’s quality. In order 
to reveal the electronic structure of both bowl-stacking arrangement and bowl-up-down arrangement of 
sumanene monolayers, information concerning the occupied states of these two systems were analyzed by 
means of synchrotron photoemission spectroscopy. 
5.4.1 Valence Electronic Structure of Sumanene Monolayer on Cu(111) 
l   UPS spectra of sumanene monolayer on Cu(111) 
To reveal the valence electronic structure of the monolayer, we performed UPS measurement. Figure 5.6 
represents the density of states near Fermi level of sumanene monolayer on Cu(111) substrate. The x-axis of 
the spectra represents the binding energy, where the origin of the energy scale is set to the Fermi level. The y-
axis of the spectra shows the density of photoelectrons. As shown by the black spectrum, the clean Cu surface 
has a large state density at binding energy of 2.0 eV due to the strong copper d-band photoemission. The onset 
can be seen at the left edge of the spectrum. After the deposition of sumanene molecules, a slightly wide small 
down
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up
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peak appeared at the binding energy of about 1.4 eV. It can be considered to be the HOMO band position of 
sumanene monolayer. There is no obvious change of the HOMO peak position with increasing of the molecular 
amount as shown in the UPS spectra. We should note that the broad peak of HOMO band may be caused by 
the sumanene molecules at five different stacking rows.  
 
Figure 5.6 UPS spectra of sumanene monolayers with different coverage on Cu(111).  
 
l   Work function of sumanene monolayer on Cu(111) 
 
Figure 5.7 Work function of sumanene monolayer on Cu(111) with increasing the molecular coverage. 
  
The functional changes of sumanene adsorption on Cu(111) are shown in Figure 5.7. The value of the 
work function is derived from the cutoff value of the UPS measurement. The x-axis is the change value of 
resonant frequency of QCM during evaporation and corresponds to the molecular deposition amount. The 
HOMO
Binding) energy)(eV))
Sum/Cu(111)
Amount'(Hz)
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work function of cleaning Cu(111) surface was determined to be 4.90 eV, which was roughly consistent with 
the literature value. After sumanene molecules approached to the clean surface of Cu(111), the work function 
is sharply reduced by about 1.4 eV, becomes 3.46 eV. The change of this working function can be explained 
like this: after the molecule approaches the surface, the molecule compressed the “leaking out” electron cloud 
of clean metal surfaces back into the metal. This may reduce its intrinsic dipole. Therefore, the effective work 
function that the molecule experiences is lowered77.  
l   ARPES spectra of sumanene monolayer on Cu(111) 
The band dispersions of the occupied and unoccupied states of organic semiconductors are indispensable 
information towards understanding the charge transport mechanism of holes and electrons, respectively. 
Angle-resolved photoelectron spectroscopy (ARPES) is frequently used as a standard technique for occupied 
states. In this work, we measured the distribution of bands in the molecular direction of sumanene monolayers 
by ARPES measurement.  
As described above, the sumanene monolayer on Cu(111) shows a peculiar structure consisting of a one-
dimensional bowl-stacking sumanene molecules which may be more tightly packed together by 𝜋-stacking. 
Therefore, it is expected that the superposition of the intermolecular wave functions of sumanene in this 
column direction will be significant, and the band dispersion can be realized in this direction. Therefore, we 
measured ARUPS along the molecular column direction, i.e. [112] direction, indicated by the blue line in the 
Figure 5.8. However, it should be noted that the sumanene monomolecular layer on Cu(111) has three 
rotational domains. Therefore, there are also contributions from different domains in different directions. 
 
Figure 5.8 Scanning direction of ARPES for sumanene monolayer on Cu(111). 
 
Figure 5.9 represents the measurement results of clean Cu(111) substrate and sumanene monolayer on 
Cu(111) obtained along the <112> direction, i.e. bowl-stacking direction. The vertical axis is the binding 
energy that assumes the Fermi energy to be the 0 eV, the horizontal axis represents the wavenumbers, and set 
the Γ point as 0 point. In order to make molecular orbitals clearer, the frequency band diagram shows second 
derivatives in the direction of binding energy. The corresponding relationship between signal strength and 
graph color is shown next to the diagram. 
2.0nm
!!"#0.8$nm
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In the ARPES spectrum of the Cu(111) substrate, floating surface alignments can be clearly observed 
near the Fermi energy, indicating a clean Cu(111) surface with sufficiently wide terraces. The d-band of 
Cu(111) surface above the binding energy 2 eV can be observed from the image. In addition, there is a 
dispersion from Γ point to 1.2 Å−1, which shows the sp band exist for Cu(111). 
 
Figure 5.10 ARPES of sumanene on Cu(111) plotted at every 0.05 Å-1. 
 
For the ARPES spectrum of sumanene monolayer on Cu(111), small scattered new orbitals appear at 
binding energy of 1.4 eV, which is considered to be the HOMO of sumanene, as discussed above. Similar 
HOMO
 
Figure 5.9 ARUPS spectra along [112 ]̅ direction of the monolayers and substrates. 
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distribution density of HOMO-1, HOMO-2, HOMO-3 and HOMO-4 are shown at the binding energy of 2.3 
eV, 2.8 eV, 3.8 eV and 4.5 eV, respectively. Even though it is a little difficult to be distinguished from the d 
band of Cu(111) substrate. 
Since the lattice distance in the direction of <112> of sumanene monolayer on Cu(111) is 0.8 nm as 
shown in the Figure 5.8. Therefore, the Brillouin zone width of this system is corresponding to 0.7 Å−1 
(Brillouin zone period of 2𝜋／a, where a is the lattice distance), and the black dashed lines in the Figure 5.9 
indicate the Brillouin zone boundaries. The energy distribution of HOMO band shows a sinusoidal like changes 
during the Brillouin zone as indicted by the red dashed line in the spectrum. This may reflect the energy 
dispersion of the molecular orbitals of HOMO. To confirm the energy dispersion in more detail, ARUPS 
spectrum was plotted every 0.05 Å-1 at the position of HOMO as shown in Figure 5.10. The vertical axis shows 
wavenumbers in the range of 1.2 Å-1 ~ 2.0 Å-1, and the horizontal axis represents the binding energy around 
HOMO band from 1.08 eV to 1.55 eV. Form the peak position of k// = -1.3 Å-1, which shows the binding energy 
of 1.35 eV, to the peak position of k// = -1.65 Å-1, which shows the binding energy of 1.25 eV, the binding 
energy shows the difference of 100 meV. And the peak position of k// = -2.0 Å-1, which shows the binding 
energy of 1.35 eV, also shows a difference of 100 meV of the binding energy from the position of k// = -1.65 
Å-1. Therefore, there is an energy dispersion with a dispersion width of about 100 meV. This dispersion cycle 
is roughly the same as the width of the Brillouin zone of the sumanene monolayer alone the direction of <112>, 
which corresponding to the molecular stacking direction. Therefore, the dispersion of the HOMO band is 
surely come from sumanene monolayer orbitals. However, such a weak band dispersion it's not enough for the 
organic devices. In order to apply sumanene films with bowl-stacking arrangement to organic devices, higher 
densely structure is required. 
5.4.2 Core Level Electronic Structure of Sumanene Monolayer on Cu(111) 
    To assess the consequences of these adsorption induced molecular distortions on the chemical structure 
of two kinds of sumanene monolayers, we performed X-ray photoelectron spectroscopy (XPS) and DFT 
calculation. The evolution of the shape of C 1s peak depending on the sumanene film thickness is discussed. 
The photon energy we used in this detection is h𝜈=460 eV. We should note here that the kinetic energy of 
photoelectron from C1s is about 150 eV with the inelastic mean free path of about 3 nm78. Therefore, the XPS 
measurement can detect the photoelectrons from the top several molecular layers of the sample. The under 
layers of thin film sample may have no contributions to the C 1s spectrum. The C 1s spectrum of thin film can 
represent the information of sumanene molecules with no interaction with substrate. 
Figure 5.11(a) shows the C 1s spectra of sumanene monolayer and sumanene thin film on Cu(111) 
represented by red and blue line, respectively. In the spectrum of sumanene monolayer, the shape of the peak 
presents an asymmetrical form with a low left side and a high right side. Whereas, the theoretically simulated 
spectrum of single sumanene molecule shows the opposite asymmetry with a high left side and low right side 
(as shown in Figure 5.11 (b)), which is in consistent with the spectrum of suamene thin film (as shown in 
Figure 5.11(a)). The different C 1s peak of sumanene monolayer and thin film indicates that the C atoms of 
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sumanene in the monolayer have a strong interaction with the metal substrate. Therefore, the modified 
sumanene monolayer on Cu(111) shows a significantly different molecular arrangement with that of bulk phase, 
which may influence the further thin film growth. The C 1s peak of sumanene thin film shows another single 
feature with different symmetry with that of monolayer at the binding energy of about 284 eV. The small 
feature at the binding energy of about 287.5 eV, which shows the same binding energy as C=O band, may be 
caused by the oxidized sumanene molecules after taking the sample out of the UHV chamber to the atmosphere 
before the XPS measurement.  
 
  
Figure 5.11 (a) XPS spectra of sumanene monolayer and thin film on Cu(111); (b) DFT calculation of C 1s 
spectrum of sumanene in gas phase. 
 
To clarify the details of the core level shift, the calculated C 1s core-level line shape of single molecule 
was deconvoluted into four features attributed to aromatic carbon atoms in the central benzene ring, carbon 
atoms at edge position, carbon atoms linked to hydrogen and carbon atoms linked to two hydrogens, which 
was indicated by different colors as shown in Figure 5.11(b). The right shoulder of the peak with lower binding 
energy of 284.0 eV is mainly contributed by the carbon atoms in the central benzene ring, the left shoulder 
with higher binding energy is contributed by the other carbon atoms. This result meets the dipole moment of 
sumanene molecule well, indicating the credible of the calculation result. Figure 5.12 shows the C 1s peak 
sumanene monolayer on Cu(111) fitted mainly with two peak components sited at 284.72eV and 283.69 eV 
with a Gaussian-Lorentzian function. It suggest that both higher binding energy shift and lower binding energy 
shift occurred for sumanene monolayer on Cu(111) compared with sumanene molecule in gas phase. Even 
though we also want to have a thorough deconvolusion for the experimental XPS spectrum, however, the 
complicated molecular arrangement of five different molecular adsorptions of sumanene monolayer on 
Cu(111) results in a broader peak shape and convoluted core level shift63. Hence, the possibility contribution 
from these tilted molecules cannot be discriminated solely on the basis of the XPS peak’s width and skewness.  
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Figure 5.12 C1s spectra of sumanene monolayers on Ag(111) and Cu(111) fitted by two peaks. 
 
5.4.3 Valence Electronic Structure of Sumanene Monolayer on Ag(111) 
l   UPS spectra of sumanene monolayer on Ag(111) 
 
Figure 5.13 (a) UPS spectra of sumanene monolayers on Ag(111); (b) Zoom at HOMO peak.  
  
Figure 5.13 shows the UPS spectra of sumanene monolayer on Ag(111). The horizontal axis represents 
the binding energy where the Fermi energy was marked as 0 eV. Clear surface state of Ag(111) surface can be 
observed around Fermi level in the UPS spectrum, indicating a clean surface was obtained. Since the d-band 
photoemission of clean Ag(111) surface appears at 4 eV, we can observe not only the HOMO band but also 
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deeper HOMO levels of sumanene monolayer on Ag(111) as shown in Figure 5.13(a). Figure 5.14 (b) clearly 
shows the HOMO band at about 1.4 eV. There is no obvious change of HOMOs with increasing the molecular 
amount, which is same as the result of sumanene monolayer on Cu(111). Since the molecular arrangement of 
sumanene on Ag(111) shows two different kind of sumanene molecules (bowl-up and bowl-down), and bowl-
inversion can be occurred during the UPS measurement. Therefore, it's possible that the HOMOs of the average 
information from the photoelectron spectrum has been diffused. 
l   Work function of sumanene monolayer on Ag(111) 
    Figure 5.14 shows the evolution of work function with increasing the sumanene molecules. The work 
function of clean Ag(111) substrate is observed to be 4.57 eV, which is consistent with the literature value. 
With the full coverage of sumanene monolayer, the work function decreased by about 1.0 eV, finally comes 
to 3.58 eV. The decrease reaction of the work function is the same as that of sumanene monolayer on Cu(111).  
 
Figure 5.14 Work function of sumanene monolayer on Ag(111) with increasing the coverage. 
 
l   ARPES spectra of sumanene monolayer on Ag(111) 
 
Figure 5.15 Scanning direction of ARPES measurement. 
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Figure 5.16(a) and (b) show the ARPES spectra of the clean Ag(111) substrate and sumanene monolayer 
on Ag(111) obtained along the [112] direction as indicated in Figure 5.15. The d-band of Ag(111) substrate at 
above the binding energy of 4 eV was observed in the Figure 5.16(a), where we can also observed a dispersed 
sp band from Γ point to 1.2 Å−1. By comparison with the ARPES spectra, we can easily mark the band positon 
of HOMO, HOMO-1, HOMO-2, HOMO-3 and HOMO-4 at range of the binding energy of 1.3 eV~3.7 eV. 
Since the molecular distance of sumanene monolayer on Ag(111) is 1.0 nm as shown in Figure 5.15, the 
Brillouin zone width is estimated to be 0.629 Å−1. The Brillouin zone boundary is marked as red dashed line 
as shown in Figure 5.16(b). There are almost no dispersed orbitals. 
 
 
Figure 5.16 (a)ARUPS spectra along [112 ̅] direction of Ag(111) substrate and the monolayers. 
     
Therefore, the HOMO band of sumanene monolayers shows a better dispersion on Cu(111) than on 
Ag(111). Thus, we can speculate that the degree of non-locality is greater for bowl-stacking arrangement of 
sumanene, which indicates a better charge-transport ability. Higher electron mobility along bowl stacked 
direction, because the overlap between the electron orbitals is maximized. 
5.4.4 Core Level Electronic Structure of Sumanene Monolayer on Ag(111) 
As shown in Figure 5.12, the C 1s core level peak of XPS spectrum of sumanene monolayer on Ag(111) 
shows the asymmetrical shape with a low left side and a high right side, which is opposite to the shape of C 1s 
peak of sumanene in the gas phase (Figure 5.11(b)). The different C 1s peak of sumanene monolayer and thin 
film indicates that the C atoms of sumanene in the monolayer have a strong interaction with Ag(111) substrate. 
Therefore, the modified sumanene monolayer on Ag(111) also shows a peculiar molecular arrangement with 
bowl-up and bowl-down comformation, which may influence the further sumanene thin film growth. 
The C 1s peak of sumanene monolayer on Ag(111) was fitted with two peak components as shown in 
Figure 5.12, which were sited at 284.85 eV and 284.062 eV, respectively, with a Gaussian-Lorentzian function. 
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Since the molecular arrangement of sumanene monolayer on Ag(111) shows a complicated bowl-up and bowl-
down arrangement as introduced above, and the core level shift of individual atoms of different position in the 
molecule is identified to be different63, the experimental XPS spectrum does not allow for a clear explanation 
of the core level shift after the molecule approaching the surface. By comparing the C 1s peak position of 
sumanene monolayer on Cu(111) and Ag(111), the left component of each peak sited at the position with 
similar binding energy (284.85 eV for sumanene on Ag(111), 284.72 eV for sumanene on Cu(111)). Whereas, 
the right component of C 1a peak of sumanene on Cu(111) shows lower binding energy than that of on Ag(111). 
The difference value is about 0.37 eV. Therefore, the core level shift value of sumanene on Cu(111) is 0.37 
eV larger than that of sumanene on Ag(111), which may be caused by the more complicated molecular 
adsorption morphology of adsorbed sumanene on Cu(111). 
5.4.5 Energy Level Alignment of Sumanene Monolayers  
As described above, the work function of the Cu(111) substrate was determined to be Φ·¸ = 4.9	  eV. 
The work function for the sumanene full coverage monolayer was measured to be Φ³l =3.46 eV. This gives 
a total work function shift of ∆Φ = Φ·¸ − Φ³l = 1.44	  𝑒𝑉  (5.1) 
The ionization energy describes the energy to remove electrons from the neutral molecule to create a cation. 
The ionization potential (𝐸Cº) of suamnene monolayer on Cu(111) was determined by adding work function 
of the monolayer Φ³l to the HOMO, yielding 𝐸Cº = Φ³l + 𝐻𝑂𝑀𝑂 = 4.86	  𝑒𝑉  (5.2) 
Therefore, the energy level alignment of the sumanene monolayer on Cu(111) resulting from all of the 
measurements above is shown in the band diagram of Figure 5.17(a). 
    The work function of the Ag(111) substrate was determined to be Φ¼ = 4.7	  eV. The work function for 
the sumanene full coverage monolayer was measured to be Φ³l =3.58 eV. The total work function shift is ∆Φ = Φ¼ − Φ³l = 1.12	  𝑒𝑉  (5.3) 
The ionization potential (𝐸Cº) was estimated to be 𝐸Cº = Φ³l + 𝐻𝑂𝑀𝑂 = 4.98	  𝑒𝑉  (5.4) 
The energy level alignment of the sumanene monolayer on Ag(111) is shown in the band diagram of Figure 
5.17(b). 
The ionization potential energy of sumanene in gas phase is calculated to be 5.2 eV, which is a little 
different from the experimental results of that of sumanene monolayers on both Cu(111) and Ag(111) 
substrates. The change of ionization potential energy of sumanene in the monolayers may be caused by 
intermolecular interactions within the monolayer and molecule-substrate interaction. 
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Figure 5.17 (a)Band diagram of sumanene monolayer on Cu(111) interface; (b)Band diagram of sumanene 
monolayer on Ag(111) interface. 
 
5.5 Calculation of Force Constant of Intermolecular Van der Waals 
force 
Although the bowl-up and bowl-down arrangement is more reported for sumanene monolayer on metal 
surface, the one-dimensional bowl-stacking sumanene monolayer that we observed on Cu(111) has shown the 
better charge-transport potential. Thus, we speculate that bowl-stacking arrangement have stronger 
intermolecular interaction than bowl-up-down arrangement. Then, a DFT calculation was deduced to confirm 
this speculation. One-dimensional potential energy curves were constructed by calculating the interaction 
energies as a function of intermolecular distance. Figure 5.19 shows the potential energy curves for all the 
sumanene dimers of their interaction energies versus the center to center distance between the the molecules 
of the sumanene dimer. The configuration of the sumanene dimer models are shown in the inset of 
corresponding figures. The x-axis of the chart shows the relative distance between two sumanene molecules 
in the dimer to the position with minimum binding energy of the dimer. The y-axis shows the potential energy 
of the dimer system. As a model of the molecular configuration, we simply use two pairs of molecules with 
the bowl-up-down arrangement (inset of Figure 5.19(a)) and bowl-up-up arrangement (inset of Figure 5.19(b)), 
that were observed from the STM image, for sumanene monolayer on Ag(111)/Au(111). For sumanene 
monolayer on Cu(111), the one-dimensional molecular arrangement with five different rows, which consist of 
both 𝜋 − 𝐻 and 𝜋 − 𝜋 bonding, is complicated. STM image cannot give a detailed molecular configuration. 
Therefore, in this work, simply using a sumanene dimer with the bowl-stacking configuration of sumanene 
single crystal, as shown by the inset of Figure 5.19(c).  
It should be noted that, the intermolecular distance of bowl-up-down and bowl-up-up sumanene dimers 
at the equilibrium position is 1 nm, which is same with the intermolecular distance in the real sumanene 
monolayer on Au(111)/Ag(111). The intermolecular distance of sumanene single crystal dimer at the 
equilibrium position is 3.84 Å, which is smaller than the intermolecular distance with 3.853	  Å in the real 
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single crystal. That's because the distance between two molecules in a crystal is affected by all the surrounding 
molecules, which is absent for the calculated single crystal dimer in this work. What’s more, the real 
intermolecular distances along the one-dimensional molecule rows is 0.85 nm in phase 1 and 1.2 nm in phase 
2 of sumanene monolayer on Cu(111), which is significantly different from the intermolecular distance of the 
single crystal. The potential energy of the bowl-stacking dimer with the intermolecular distance of 0.85 nm is 
0.01 eV according to the potential energy curve of Figure 5.19(c), which is smaller than the potential energy 
of bowl-up-down and bowl-up-up sumanene dimers with the value of 0.12 eV and 0.06 eV, respectively, as 
shown in Table 5.1, which can indicate the order of the stability of these dimers. Therefore, sumanene 
molecules with bowl-up and bowl-down arrangement is more stable than the bowl-stacking arrangement with 
the intermolecular distance of 0.85 nm. However, the sumanene monolayer on Cu(111) with one-dimensional 
structure is more stable than the sumanene monolayer on Au(111)/Ag(111) with the bowl-up and bowl-down 
arrangement during the STM measurements. And the molecular arrangement of sumanene monolayer on 
Cu(111) with different kinds of tilted bowl-stacking molecular rows is more complicated than the calculated 
case. Therefore, a stronger interaction between sumanene molecules and Cu(111) substrate and stronger 
intermolecular interactions between the tilted bowl-stacking sumanene molecules can be speculated. 
 
Table 5.1 Calculated results for sumanene dimers. 
 Single crystal 
 
Bowl-up-down 
 
Bowl-up-up 
 
Minimum 
potential 
energy (eV) 
0.6 0.12 0.06 
Force 
constant 
(kg/s2) 
34 9.1 5.9 
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Figure 5.19 Potential energy curves for sumanene dimers versus the center to center distance between the 
the monomers of the sumanene dimer. The configuration of each dimer is shown in the inset of each 
corresponding figures. Potential energies and translation distance relative to the equilibrium position are 
also shown. 
 
The force constant of the intermolecular van der Waals bonding were estimated for all the dimer systems, 
simply assuming the simple harmonic oscillation at the position with minimum binding energy. Then, we made 
a rearrangement of the potential curves. Set the position with minimum binding energy as equilibrium and 
change the y-axis to be the relative energy to the equilibrium position, as shown in Figure 5.20. Fitting equation 
near the equilibrium are y=0.9685x2, y=0.2602x2, and y=0.1679x2 for the potential curves of single crystal 
dimer, bowl-up-down dimer, and bowl-up-up dimer, respectively. Considering the potential energy for elastic 
formula 
U=t.kx2  (5.9) 
where U is potential energy of a spring at a certain position; k is the spring constant; x is distance from the 
equilibrium when the spring is stretched or compressed. We can simply deduce the force constant of the 
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intermolecular van der Waals bonding for all the sumanene dimers, as listed in Table 5.1. Sumanene dimer 
with bowl-up-down configuration shows the larger force constant with the value of 9.1 kg/s2 than that of 
sumanene dimer with bowl-up-up configuration with the value of 5.9 kg/s2. What’s more, the order of 
minimum potential energy values at the equilibrium position of the sumanene dimers with bowl-up-down 
dimer and bowl-up-up dimer are 0.12 eV and 0.06 eV, respectively, as shown in Table 5.1. Considering the 
phenomenon that the sumanene submonolayer on Ag(111) substrate was reported to shown the bowl-up 
molecular arrangement in the beginning, because of the interaction between the molecules and the substrate. 
After reaching the full monolayer coverage, the molecular arrangement changes to bowl-up-down 
configuration. This phenomenon can be explained as the intermolecular interaction between sumanene 
molecules also plays a certain role at this time, therefore, the molecular arrangement of the system changes to 
an energetically favorable configuration. Sumanene monolayer on Cu(111) was revealed to show the one-
dimensional structure with different bowl-stacking rows by STM measurement in this work. The force constant 
of van der Waals bonding of single crystal sumanene dimers is 34 kg/s2, which is much larger than the value 
of bowl-up-down dimer and bowl-up-up dimer, indicating the relatively stronger intermolecular van der Waals 
bonding in sumanene monolayer on Cu(111) than on Ag(111)/Au(111).  
 
 
Figure 5.20 Zoom area of the equilibrium position with minimum binding energy of the potential energy 
curves for sumanene dimers. 
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5.6 Stability of morphology of sumanene monolayers with adsorption 
of K atoms 
 
Figure 5.21 Potassium adsorption on sumanene monolayer on Ag(111) at room temperature. (a) STM image 
sumanene monolayer with the adsorption of K atoms with the amount of 0.3 ML. (b) STM image sumanene 
monolayer with randomly molecular arrangement after the adsorption of K atom with the amount of 1 ML. 
 
 
Figure 5.22 Potassium adsorption on sumanene monolayer on Cu(111) at room temperature. (a) STM image 
of sumanene monolayer with the adsorption of small amount of K atoms. (b) Small-scale STM image of 
phase 2 with two-rows structure of sumanene monolayer on Cu(111) with the adsorption of K atoms. (c) 
Small-scale STM image of phase 1 with five-rows structure of sumanene monolayer on Cu(111) with the 
adsorption of K atoms. 
 
The concave face of sumanene are expected to be the ideal model for host-gust interaction by adsorption 
of gust molecules. In this work, we explored the adsorption of K atoms on the two kinds of sumanene 
monolayers with different molecular arrangement at room temperature. For the adsorption of K atom with the 
amount of 0.3 ML on sumanene monolayer on Ag(111), K atom guests are imaged as single bright spots as 
shown in the STM image in Figure 5.21(a). There is no preferable adsorption phenomenon at positions 
12nm
(a) (b)
1.0nm6.0nm
1.0$nm
(a) (b) (c)
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corresponding to bowl-up hosts of sumanene monolayer73, and there are even three adjacent bright spots as 
marked by the black cycles in the STM image. All the bright spot seems similar which can not be caused by 
the adsorption of K atoms on both bowl-up and bowl-down molecules73. Considering the bowl inversion 
phenomenon of sumanene monolayer as we discussed above, therefore, we speculate that adsorption of K atom 
may cause the bowl-down molecules invert, causing the K atoms adsorbed on any sumanene molecule in the 
monolayer. It clearly shows that K interact directly to the 𝜋 orbital of sumanene. Therefore, the effectively 
adsorbed K atoms in the concave side of sumanene in this well-ordered system is expected to be a very simple 
model for research of alkali-metal doping of aromatic molecules, which has been known to emerge interesting 
properties such as superconductivity or metal-insulator transitions79. After increasing the adsorption of K 
atoms with the amount of 1 ML, the sumanene monolayer changed to randomly arrangement as shown in 
Figure 5.21(b). 
We also explored the adsorption of K atoms on the sumanene monolayer with bowl-stacking molecular 
arrangement on Cu(111) at room temperature. Figure 5.22(a) shows the STM image of of sumanene monolayer 
with the adsorption of small amount of K atoms at room temperature. The morphology of the K-doped 
sumanene monolayer keeps the one-dimensional structure as the pure sumanene monolayer. Figure 5.22(b) 
shows the K-doped sumanene monolayer with two-rows structure on Cu(111) with the unit cell of 1.0×1.7 nm, 
which shows a little expansion than the unit cell of original two-rows molecular structure. The K-doped 
sumanene monolayer with five-rows structure also shows an expansion with the molecular distance with 1 nm 
along the row direction. By comparison with the molecular arrangement of sumanene monolayer before (as 
shown in Figure 5.1(b) and Figure 5.3(a)) and after the K adsorption, the possible positions of potassium atoms 
are marked by black circles in Figure 5.22(b) and (c). After the deposition of more K atoms, the one-
dimensional structure can still be observed. Even though the domain size is shown to be shrunk, which may 
have caused by the expansion of the unit cell after the adsorption of K atoms. The randomly molecular 
arrangement of K-doped sumanene monolayer on Ag(111) and well-ordered one-dimensional molecular 
arrangement of K-doped sumanene monolayer on Cu(111) can well illustrate the stronger intermolecular 
interactions of bowl-stacking sumanene arrangement than the bowl-up-down sumanene arrangement. 
5.7 Sumanene Thin Film 
5.7.1 Morphology of Sumanene Thin Films 
    For thicker films, we further deposited sumanene molecules with the deposition rate of 1 ML/100s on 
their monolayers on Cu(111) and Au(111), respectively. Figure 5.21(a) show the optical microscope images 
at several different areas of sumanene thin films on Cu(111) with the molecular coverage of 70 ML. No obvious 
island structure was observed, which is different from the morphology of picene and DNTT thin films with 
the extremely large crystal island structure as discussed in Chapter 4.  
Figure 5.22(a) shows the AFM image of the sumanene thin film morphology on Cu(111) with a stair-
step structure. The uneven surface can be observed, indicating some molecules indeed adsorbed on the Cu(111) 
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surface. Because the AFM measurement was performed after taking the sample out from the UHV chamber, 
the topography structure of sumanene thin film may be breakdown during this procedure. Figure 5.22(c) is the 
height line profile corresponding to the scanning line in the AFM image, shows the terraces structure with a 
step height range of about 0.2-0.4 nm. For comparison, we checked the same Cu(111) surface without 
sumanene by AFM. The topography of the clean Cu(111) surface is shown in Figure 5.22(b), and Figure 5.22(d) 
shows the height profile corresponding to the scanning line in the AFM image. Similar stair-step topography 
and height distance of the terraces with sumanene thin film on Cu(111) were observed, indicating only a ultra-
thin film exists. 
For the morphology of sumanene thin film on Au(111), Figure 5.21(b) shows the optical microscope 
images at several different areas of sumanene thin films on Ag(111) with the molecular coverage of 70 ML, 
which shows the similar inconspicuous structure morphology with sumanene thin film on Cu(111). The AFM 
image of sumanene thin film on Au(111) also shows a stair-step morphology with the height range of about 
0.3-0.5 nm as shown in Figure 5.23. Since we deposited the same large amount of molecules, i.e. 70 ML, as 
picene and DNTT thin films as discussed in Chapter 4. These results of sumanene thin films observed from 
optical microscope and AFM measurements may indicate an amorphous structure or the uniform crystallinity 
structure of sumanene thin films on Cu(111) and Au(111). Therefore, more preciously measurement is required. 
 
 
Figure 5.21 (a) Optical microscope images at three different areas of sumanene multilayer film on Cu(111); 
(b) Optical microscope images at three different areas of sumanene multilayer film on Au(111). 
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Figure 5.22 (a)AFM image of sumanene thin film on Cu(111) with its corresponding (c) height profile; (b) 
AFM image of clean Cu(111) sureface with its corresponding (d) height profile. 
 
 
Figure 5.23 a)AFM image of sumanene thin film on Au(111) with its (b) height profile. 
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5.7.2 Molecular Arrangement of Sumanene Thin Films 
To illustrate the detailed molecular arrangement of sumanene thin films, we did the XRD measurements. 
XRD spectra of the two sumanene thin films on Cu(111) and Au(111), respectively, were shown in Figure 
5.24(a), where the horizontal axis of the spectra represents the diffraction angle 2𝜃, vertical axis shows the 
density of the diffraction pattern. The spectrum of Au(111) sample (black line in Figure 5.24(b)) only have an 
diffraction peak of Au(111) substrate, indicating an amorphous molecular arrangement of sumanene thin film 
on Au(111). As shown in the XRD spectrum of sumanene thin film on Cu(111) (red line in Figure 5.24(a)), 
there is a diffraction peak appearing at the diffraction angle of 2𝜃=39.0°, which corresponding to the (502) 
plane of sumanene single crystal by comparing with the analyzed diffraction pattern of sumanene powder as 
shown in Figure 5.24(c). Another diffraction peak at 2𝜃=43.4° of the the spectrum in Figure 5.24(a), shows 
only the onset and tail end here because of its high intensity, belongs to Cu(111) substrate.  
 
 
Figure 5.24 (a,b) XRD spectra of sumanene thin film on Cu(111) and Au(111), respectively; (c) Calculated 
diffraction pattern of sumanene powder; (c) Molecular arrangement of (502) plane. 
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Figure 5.24(d) illustrates the diagram of molecular arrangement of the (502) plane of sumanene single 
crystal. The top view and side view of the diagram reveals a characteristic orientation of tilted adsorbed 
sumanene molecules respect to the substrate, which is similar to the tilted bowl-stacking molecular 
arrangement of sumanene monolayer on Cu(111). Even though the unit cell of (502) plane (1.6×1.3 nm) is 
very distinct from the value of sumanene monolayer on Cu(111) (0.85×4.2 nm). 
 Therefore, considering all the results above, we can speculate that the weak intermolecular interaction 
of bowl-up and bowl-down sumanene monolayer on Au(111) or Ag(111) is not stable enough to establish a 
well-ordered thin film. However, the bowl-stacking sumanene monolayer on Cu(111) with a stronger 
intermolecular interaction can facilitating the stacking of the further sumanene molecules and forming an well-
ordered thin film structure. It should be noted here, sumanene thin film with rod like structure has been 
obtained on HMDS-treated glass substrates, which can reduce the interaction between molecules and substrate. 
Thus, it can be speculated that the strong interaction between sumanene molecules and substrates in this work 
make the monolayer template effect obvious. 
5.8 Summary 
    In this Chapter we have demonstrated the thin film growth of sumanene from the prestage monolayer to 
multilayer and revealed the intermolecular interactions of two different intermolecular arrangements of 
sumanene molecules, both experimentally and theoretically. 
STM measurements revealed that sumanene monolayers show two kinds of distinct molecular 
arrangements with one-dimensional bowl-stacking molecular arrangement on Cu(111) and bowl-up and bowl-
down molecular arrangement on Ag(111)/Au(111), respectively. The electronic structure of these two kinds 
of peculiar sumanene monolayers were characterized by UPS, XPS and ARPES. We have observed a slight 
dispersion of HOMO band with 100 meV, indicating a strong intermolecular interaction, along the bowl-
stacking direction of sumanene monolayer on Cu(111). What’s more, after doping of alkali metals on the 
sumanene monolayers, the one-dimensional bowl-stacking molecular arrangement on Cu(111) shows more 
stable ability than that of bowl-up and bowl-down molecular arrangement on Ag(111)/Au(111). Therefore, the 
stronger intermolecular interaction of sumanene on Cu(111) can be expected. We have proposed the detailed 
theoretical model with DFT calculation method to describe the intermolecular interaction of bowl-stacking 
sumanene dimer and bowl-up and bowl-down sumanene dimer. Within our calculation, stronger 
intermolecular interaction along the bowl-stacking direction in monolayer is indicated by the larger force 
constant of van der Walls force. 
In addition, the superior growth of sumanene thin film on Cu(111) than Au(111) and Ag(111)was found. 
The morphology of sumanene thin films was characterized by optical microscope and AFM. The XRD 
measurement revealed that the well-ordered molecular arrangement in the sumanene thin film on Cu(111) 
shows the same molecular arrangement of (502) plane of sumanene single crystal. Whereas, the sumanene thin 
film on Au(111) shows the disordered molecular arrangement according to the XRD measurement result.  
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Therefore, we speculate that superior growth of sumanene thin film on Cu(111) may caused by the 
stronger intermolecular interaction along the bowl-stacking direction in monolayer, which can stabilize the 
further molecules. 
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Chapter 6 
General Conclusion 
    In this thesis, we have studied the thin film growth from the initial monolayers to multilayer films of three 
organic semiconductor molecules, picene, DNTT, and sumanene, where intermolecular interaction is enhanced. 
The general conclusions of this work are as follows. 
6.1 Structure and Evaluation of Multilayer Films of Picene and DNTT 
on Their Bulklike Monolayers 
Highly oriented multilayer molecular films of picene and DNTT molecules with the long axis parallel to 
the substrate were fabricated on their characteristic bulklike monolayer as shown in the diagram of Figure 6.1. 
These molecules form a dense monolayer with a bulklike molecular arrangement on metal surfaces such as 
Au(111), which allows further stacking of parallel molecules. Indeed, upon adsorption of picene and DNTT 
on these dense monolayers, growth of straight islands of multilayer without the dendritic layer was observed. 
Particularly, in the case of picene, one-dimensional islands with the lengths over 100 µm were formed and 
aligned in 3-fold symmetric directions of the substrate, which was not observed in the case of DNTT. X-ray 
diffraction measurements revealed the presence of [201 ̅] and [211 ̅] planes and the absence of the [001] 
diffractions, indicating that the one-dimensional islands of picene indeed consist of molecules in parallel 
configuration. The growth of the parallel molecules, which is particularly efficient for small molecules with 
enhanced intermolecular interaction such as phenacenes, will be beneficial not only for the applications in 
organic electronics devices but also in the basic research of the structure−function relationship of organic 
semiconductors. 
 
Figure 6.1 Diagram of thin film growth of picene and DNTT on their bulklike monolayer. 
Monolayer Thin Film
Picene
DNTT
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6.2 Structure and Evaluation of Sumanene Monolayers and Multilayer 
Films 
In this study, we controlled the sumanene monolayer structure by changing the type of the substrate as 
shown in the STM images of Figure 6.2. The peculiar one-dimensional bowl-stacking sumanene monolayer 
was realized on the Cu(111) substrate. On Ag(111) and Au(111), sumanene monolayer shows a bowl-up and 
bowl-down arrangement, which form a periodic honeycomb structure. In this bowl-up and bowl-down 
configuration, the intermolecular interaction is weak, because the bowl inversion can easily occur during the 
STM measurement at room temperature. We also revealed the electronic structure of these two kinds of 
peculiar sumanene monolayers. Especially, the dispersion of HOMO band with a width of about 100 meV in 
the bowl-stacking direction of sumanene monolayer on Cu(111) was confirmed by ARPES measurement, 
indicating a stronger intermolecular interaction. Although sumanene multilayer films were tried to grow on 
these two peculiar monolayers in this work, no obvious island structure was observed by optical microscopy 
and AFM, which is different from the case of picene and DNTT thin films. Further X-ray diffraction 
measurements revealed the presence of (502) plane on the thin film on Cu(111), indicating the adsorption of 
tilted stacked sumanene molecules with respect to the surface which is similar with molecular arrangement in 
the monolayer. Whereas, XRD spectrum without any diffraction peak of sumanene thin film on Au(111) 
indicate an amorphous structure of sumanene thin film based on the monolayer with bowl-up and bowl-down 
molecular arrangement. 
 
 
Figure 6.2 Diagram of thin films growth of sumanene on their monolayer on Cu(111) with bowl-stacking 
molecular arrangement and sumanene monolayer on Ag(111) with a mixture of bowl-up and bowl-down 
molecular arrangement. 
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6.3 Relationship Between Intermolecular Interaction and Morphology 
of Thin Film 
The formation of huge crystalline islands in the case of picene, in contrast to the case of DNTT and 
sumanene, is possibly induced by the stronger intermolecular force. We estimated the force constant of the 
intermolecular van der Waals force of picene, DNTT, and sumanene along the stacking direction of two 
adjacent molecules using the potential energy curve, by simply assuming a harmonic oscillation at equilibrium. 
The results are listed in Table 6.1. Large force constant for both picene and DNTT bulk dimers show strong 
intermolecular interaction. Therefore, the bulk like monolayer of picene and DNTT are very promising for 
stacking the further moleculaes, causing the large crystalline islands structure of their thin films. Extremely 
large crystalline islands of picene thin film may be due to the relatively larger force constant, i.e. stronger 
intermolecular interactions between picene molecules. A large force constant for the sumanene dimer with the 
bowl-stacking structure of single crystal with the value of 34 kg/s2, even larger than that of picene dimer, was 
observed. The large force constant of sumanene suggests that well-defined sumanene thin flim can be expected. 
Indeed, sumanene thin film with rod like structure on HMDS-treated glass substrates, which have a weak 
interaction with the mleuceles, has been reported. However, sumanene thin films show ultra thin thickness on 
Cu(111) and disordered structure on Au(111) even with large amount of deposition in this work. This 
phenomenon may be caused by the weak intermolecular interaction within the sumanene monolayers 
especially the monolayer with the bowl-up-down molecular arrangement, which can not stack the further 
molecules strongly. What’s more, the bowl inversion of sumanene molecules during the deposition procedure 
is also speculated to influence the thin film growth. Since there are still many unknown factors, which can 
influence the thin film growth. To achieve a high quality sumanene thin film as indicated in this work, further 
research is surely required. 
 
Table 6.1 Calculated results for picene, DNTT and sumanene dimers 
 Picene  
 
DNTT  
 
Sumanene  
 
Bulk dimer
 
Bulk dimer
 
Single crystal dimer 
 
Bowl-up-down 
dimer 
 
Force 
constant 
(kg/s2) 
26.27 21.64 34 9.1 
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In conclusion, this work further reinforces the understanding that the growth of organic thin films can be 
determined by the intermolecular interaction, which is critically important for fundamental research as well as 
technologically relevant applications.   
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